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Brief  Description  of  Performed  Research 

Complex  antenna  and  circuit  problems  including  their  package  on  wafer  require  very 
intensive  calculations  due  to  the  need  to  accurately  simulate  the  underlying  high-frequency 
effects  and  account  for  all  the  parasitic  mechanisms.  As  part  of  this  project,  we  have 
successfully  applied  a  novel  frequency  domain  scheme  recently  developed  at  the  University 
of  Michigan  that  allows  for  the  very  successful  and  computationally  efficient  solution  of 
complex  antenna  problems.  This  technique  has  been  applied  to  a  variety  of  circuit  and 
antenna  problems  and  has  demonstrated  the  capability'  to  provide  accurate  solutions  in  a 
much  more  efficient  ways  than  the  conventional  techniques.  The  whole  idea  in  this 
approach  is  the  use  of  wavelets  in  the  expansion  of  the  unknown  functions.  The  use  of 
wavelets  allows  for  the  computation  of  the  values  of  the  derivatives  of  the  unknown  field 
quantities  in  addition  to  the  average  values  of  the  field.  This  allows  for  the  development  of 
novel  space-adaptive  schemes  with  unique  capabilities. 

In  previous  years  the  Battle-Lemarie  based  MRTD  Technique  has  been  applied  to  a  variety' 
of  homogeneous  microwave  problems  and  has  exhibited  significant  savings  in  memory'  and 


execution  time.  Nevertheless,  the  most  important  advantage  of  this  new  technique  is  its 
capability  to  provide  space  and  time  adaptive  gridding  without  the  problems  the 
conventional  FDTD  is  encountering.  This  is  due  to  the  use  of  two  separate  sets  of  basis 
functions,  the  scaling  functions  and  wavelets  and  the  capability  to  threshold  the  filed 
coefficients  due  to  excellent  conditioning  of  the  formulated  mathematical  problem.  This 
year  a  space/time  adaptive  gridding  algorithm  based  on  the  MRTD  scheme  was  proposed 
and  applied  to  inhomogeneous  waveguide  problems.  As  examples,  the  propagation  of  a 
Gabor  pulse  in  partially-filled  parallel  plate  waveguide  and  a  parallel  plate  filter  was 
simulated  and  the  S-parameters  have  been  calculated  for  validation  of  the  theory.  Wavelets 
were  placed  only  at  locations  where  the  EM  fields  have  significant  values,  creating  a  space- 
and  time-adaptive  dense  mesh  in  regions  of  strong  field  variations,  while  maintaining  a 
much  coarser  mesh  elsewhere.  A  mathematically  correct  way  of  dielectric  modeling  has 
been  presented  and  evaluated.  The  proposed  adaptive  gridding  offers  extra  economy  in 
memory  by  a  factor  of  30%-40%  for  the  2-dimensiona]  case.  This  algorithm  has  been 
extended  to  three  dimensions  and  has  been  applied  to  the  numerical  modeling  of  evanescent 
mode  waveguide  band-pass  filters. 

To  extend  the  capabilities  of  the  Batde-Lemarie  based  MRTD  scheme,  an  entire-domain 
algorithm  has  been  proposed  and  applied  to  the  numerical  analysis  of  nonlinear  circuits 
including  diodes.  The  frequency  spectrum  of  a  mixer  diode  has  been  calculated  and  verified 
by  comparison  to  reference  data.  In  comparison  to  Yee's  conventional  FDTD  scheme,  the 
proposed  scheme  offers  memory  savings  by  a  factor  of  2-6  pre  dimension  maintaining  a 
similar  accuracy.  Especially  in  the  approximation  of  time  derivatives,  the  use  of  entire 
domain  expansion  basis  would  require  very  high  memory  resources  for  the  storage  of  the 
field  values  everywhere  on  the  grid  for  the  whole  or  a  large  fraction  of  the  simulation  time. 
This  problem  does  not  exist  in  the  approximation  of  the  spatial  derivatives  since  the  filed 
values  on  the  neighboring  spatial  grid  points  have  to  be  calculated  and  stored  no  matter 
what  expansion  basis  are  used.  For  that  reason,  Harr  basis  functions  have  been  utilized  and 
a  time-adaptive  time-domain  technique  based  on  intervalic  wavelets  has  been  proposed  and 
applied  to  various  types  of  circuit  problems.  The  scheme  has  exhibited  significant  savings 
in  execution  time  and  memory  requirements  while  maintaining  a  similar  accuracy  with 
conventional  circuit  simulators.  Numerical  experiments  have  shown  that  the  use  of  an 
absolute  threshold  of  10-6  and  a  relative  threshold  of  5x10-4  offered  an  extra  economy  of 
25%-35%  in  comparison  to  MRTD  schemes  based  only  on  scaling  functions. 


Another  research  topic  for  1997  was  the  investigation  of  the  stabilit)  and  the  dispersion 
performance  of  entire-domain  basis  MRTD  schemes  for  different  stencil  sizes  and  for  0- 
resolution  wavelets.  Analytical  expressions  for  the  maximum  stable  time-step  were  derived 
for  both  scaling  only  and  scaling-wavelet  algorithms.  It  has  been  observed  that  larger 
stencils  decrease  the  numerical  phase  error  making  it  significantly  lower  that  FDTD  for  low 
and  medium  discretizations.  Stencil  sizes  greater  than  10  offer  a  smaller  phase  error  that 
FDTD  even  for  high  discretizations.  The  enhancement  of  wavelets  further  improves  the 
discretization  performance  for  discretizations  closer  to  the  Nyquist  limit  (2-3 
cells/wavelength)  making  it  comparable  to  that  of  much  denser  grids,  though  it  decreases 
the  value  of  the  maximum  time-step  guaranteeing  the  stability  of  the  scheme.  In  the 
following  copies  of  the  submitted/presented  papers  are  included  for  further  information. 
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Characterization  of  Shielded  Microwave  Circuit 
Components  Using  the  Multiresolution  Time  Domain 

Method  (MRTD) 

Emmanouil  Tentzeris,  Michael  Krumpholz,  Linda  P.B.  Katehi 

Radiation  Laboratory,  Department  of  Electrical  Engineering  and  Computer  Science 
University  of  Michigan,  Ann  Arbor,  MI  48109-2122 

Abstract 

The  recently  developed  Multiresolution  Time  Domain  (MRTD)  technique  is  applied 
to  the  modeling  of  shielded  microwave  circuit  problems.  The  technique  demonstrates 
excellent  accuracy  and  efficiency  in  the  calculations  with  savings  of  one  order  in  compu¬ 
tation  times  and  of  two  orders  of  magnitude  in  memory  compared  to  the  conventional 
The  enhancement  of  wavelets  provides  very  efficient  computations  of  the  characteristic 
impedance  and  effective  dielectric  constant  of  a  variety  of  printed  lines  operating  in  a 
shielded  environment. 


1  Introduction 

Despite  the  wealth  of  available  codes  for  analysis  and  design  in  microwave  frequencies  ,  many 
problems  in  electromagnetics  and  specifically  in  circuit  and  antenna  problems  have  been  left 
untreated  due  to  the  complexity  of  the  geometries  and  the  inability  of  the  existing  techniques 
to  deal  with  the  requirements  for  large  size  and  high  resolution  due  to  the  fine  but  electri- 
cally  important  geometrical  details.  The  straightforward  use  of  existing  discretization  methods 
suffers  from  serious  limitations  due  to  the  required  substantial  computer  resources  and  ure- 
alistically  long  computation  times.  As  a  result,  during  the  past  thirty  years  the  avsulable 
techniques  are  almost  incapable  of  dealing  with  the  needs  of  technology  leading  into  a  quest 
for  fundamentally  different  modeling  approaches. 

Recently  a  new  technique  has  been  successfully  applied  [1,  ?,  2]  to  a  variety  of  microwave 
problems  and  has  demonstrated  unparalleled  properties.  This  technique  is  derived  by  the  use 
of  multiresolution  analysis  for  the  discretization  of  the  time-domain  Maxwell’s  equations.  The 
multiresolution  time  domain  technique  (MRTD)  based  on  Battle  Lemarie  functions  has  been 
applied  to  linear  as  well  as  nonlinear  propagation  problems  and  has  demonstrated  savings  in 
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time  and  in  memon'  by  one  and  two  orders  of  magnitude  respectively.  In  addition  to  time  and 
memor>’,  the  most  important  ad^’antage  of  this  new  technique  is  its  capability  to  provide  space 
and  time  adaptive  meshing  without  the  problems  encountered  by  the  conventional  FDTD  [3]. 
The  capability  to  provide  adaptive  meshing  is  connected  with  the  use  of  tw’o  separate  sets 
of  basis  functions,  the  scaling  and  wavelet  functions,  and  the  capability  to  threshold  the 
field  coefficients  due  to  the  excellent  conditioning  of  the  formulated  mathematical  problem. 
This  advantage  and  capability  of  the  technique  is  demonstrated  herein  by  performing  a  space 
adaptive  meshing. 

For  the  derivation  of  the  MRTD  scheme,  the  electromagnetic  fields  are  represented  by  an 
expansion  in  cubic  spline  Battle-Lemarie  scaling  and  wavelet  functions  [4],  [5]  with  respect 
to  space.  For  this  type  of  basis  functions,  the  evaluation  of  the  moment  method  integrals 
is  simplified  due  to  the  existence  of  closed  form  expressions  in  spectral  domain  and  simple 
representations  in  terms  of  cubic  spline  functions  in  space  domain.  The  use  of  non-localized 
basis  functions  cannot  accomodate  localized  boundary  conditions.  To  overcome  this  difficulty, 
the  image  principle  is  used  to  model  perfect  electric  and  magnetic  boundary  conditions.  Pulse 
functions  are  used  as  expansion  and  test  functions  in  time-domain.  In  this  paper,  a  2.5D 
MRTD  scheme  is  proposed  and  applied  to  a  variety  of  shielded  of  transmission  line  problems. 
Specifically,  propagation  constant,  characteristic  impedance  and  field  patterns  are  derived  for 
shielded  and  open  transmission  line  structures  and  compared  to  FDTD  results. 


II  The  2.5D-MRTD  scheme 


For  simplicity,  an  overview  of  the  2.5D-MRTD  scheme  is  presented  for  a  homogeneous  medium. 
The  derivation  is  similar  to  that  of  Yee’s  FDTD  scheme  [?],  which  uses  the  method  of  moments 
with  pulse  functions  as  expansion  and  test  functions.  The  magnetic  field  components  are  shifted 
half  a  discretization  interval  in  space  and  time-domain  writh  respect  to  the  electric  field 
components. 

Using  the  approach  of  [6],  Maxwell’s  curl  equations  for  a  homogeneous  medium  with  the 
permittivity  e  and  the  permeability  /x  can  be  written  in  the  following  form 
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where  P  is  the  propagation  constant  and  j  =  y/^.  The  electric  and  magnetic  field  components 
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incorporated  in  these  equations  are  expanded  in  a  series  of  Battle- Lemarie  scaling  and  wavelet 
functions  in  both  x-  and  y-directions.  For  example,  can  be  represented  as: 
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where  4>m(x)  =  -  m)  and  rlJi,m{x)  =  -  wi)  represent  the  Battle-Lemarie  scaling 

and  i-th  order  resolution  wavelet  function  respectively  in  space  and  hk{t)  represent  rectangular 
pulses  in  time.  kE^'m  with  k  =  x,y,z  and  /z,  i/  =  ^,  V’  are  coefficients  for 

the  field  expansions  in  terms  of  scaling  and  wavelet  functions.  The  indices  I,  m  and  k  are  the 
discrete  space  and  time  indices  related  to  the  space  and  time  coordinates  via  x  =  lAx,y  —  rtiAy 
and  t  =  kAt,  where  Ax, Ay  are  the  space  discretization  intervals  in  x-  and  y-direction  and 
At  is  the  time  discretization  interval.  For  an  accuracy  of  0.1%  the  above  summations  are 
truncated  to  18  terms.  Upon  inserting  the  field  expansions,  Maxwell’s  equations  are  sampled 
using  pulse  functions  as  time-domain  test  functions  and  scaling  and  wavelet  functions  as  space- 
domain  test-functions.  Following  the  procedure  of  [1],  the  2.5D  MRTD  scheme  is  derived.  As 
an  example,  let’s  consider  the  discretization  of  eq.(l).  For  simplicity,  it  is  assumed  that  the 
fields  have  been  expanded  only  in  scaling  functions  summations.  Wavelets  can  be  added  in  a 
straightforward  way.  Applying  the  Galerkin’s  technique,  the  following  difference  equation  is 
obtained  for  a  homogeneous  medium  with  the  permittivity  e, 


At' 


with  the  coeficients  o(i')  defined  in  (!].  The  unit  cell  of  the  2.5D-MRTD  scheme  is  identical 
to  the  unit  cell  of  the  conventional  Yee’s  FDTD  scheme.  However,  due  to  the  different  field 
expansion  functions,  the  field  components  in  the  two  techniques  have  a  different  ph3^ical 
meaning.  Deriving  MRTD  and  FDTD  using  the  method  of  moments,  the  field  components 
have  to  be  interpreted  as  field  expansion  coefficients.  FVom  the  different  field  expressions,  it  is 
clear  that  the  field  expansion  coefficients  of  the  FDTD  scheme  represent  the  total  field  value 
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at  a  specific  point,  while  the  field  expansion  coefficients  of  the  2.5D-MRTD  scheme  represent  a 
fraction  of  the  total  field.  To  calculate  the  total  field  at  a  space  point,  the  field  expansions  are 
sampled  with  delta  test  functions  in  space  and  time  domain.  For  example,  the  total  electric 
field  Ex{Xo,  Ho,  to)  with  {k  -  1/2)  At  <  to  <  {k  +  1/2)  At  is  calculated  by 


J/o)  ■“  J  J  J  ^xi.^  t  y  1 1)  S  (^x  Xo)  S{y  yo)  S{t  to)dxdydt 

—  ^  1^/2, m' ^<'+1/2  (^o)  ^»n'(yo)  •  (6) 

r,m'=— 00 

Extending  the  dispersion  analysis  of  [1]  from  3-dimensional  to  2.5-dimensional  space,  the 
stability  condition  for  the  2.5D-MRTD  scheme  results  in 


At  < - .  (7) 

■  1.568cy(i)=  +  (^)=  +  (fP 

with  the  wave  propagation  velocity  c.  It  is  preferable  to  choose  At  at  least  2.5  time  less  than 
the  stability  limit.  In  this  way,  much  more  linearity  of  the  dispersion  characteristics  is  adiieved. 


Ill  Applications  of  the  2.5D-MRTD  scheme  to  Shielded 
Transmission  Lines 

In  this  paper,  the  2.5D-MRTD  scheme  is  applied  to  the  analysis  of  shielded  stripline  and 
microstrip  lines  to  investigate  propagation  and  coupling  effects.  Results  for  these  shielded 
structures  are  presented  and  discussed  separately  below. 

A  shielded  stripline  is  a  simplified  version  of  a  membrane  microstrip  shown  in  (Fig.la).  The 
metallic  shield  has  dimensions  47.6mm  x  22.0mm  and  the  central  strip  has  length  11.9mm. 
The  stripline  is  filled  with  air  (cr  ~  !•)*  analysis  for  the  higher  order  propagating  modes  is 
straightforward.  For  the  analysis  using  Yee’s  FDTD  scheme,  a  40  x  10  mesh  was  used  resulting 
in  a  total  number  of  400  grid  points.  When  the  structure  was  analyzed  with  the  2.5D-MRTD 
scheme  ,  a  mesh  8  x  4  (32  grid  points)  was  chosen  reducing  the  total  number  of  grid  points 
by  a  factor  of  12.5.  In  addition,  the  execution  time  for  the  analysis  was  reduced  by  a  factor 
of  3  to  4.  The  time  discretization  interval  was  chosen  to  be  identical  for  both  schemes  and 
equal  to  the  0.8  of  the  2.5D-MRTD  maximum  At.  For  the  analysis  P  =  30  was  used  and  5,000 
time-steps  were  considered. 
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Mode 

TEM 

Shield  TEio 

Analytic  values 

1.4324  GHz 

3.4615  GHz 

8x2  MRTD 

1.4325  GHz 

3.4648  GHz 

Rel.Error 

0.007% 

0.095% 

8x4  MRTD 

1.4325  GHz 

3.4641  GHz 

Rel.Error 

0.007% 

0.075% 

16x4  MRTD 

1.4325  GHz 

3.4633  GHz 

Rel.Error 

0.007% 

0.052% 

40x10  FDTD 

1.4322  GHz 

3.4585  GHz 

Rel.Error 

-0.014% 

-0.087% 

T^ble  1:  Mode  frequencies  for  ^  =  30 

From  (Table  1)  it  can  observed  that  the  calculated  frequencies  of  the  two  first  propagating 
modes  for  =  30  by  use  of  2.5D-MRTD  scheme  are  very  close  to  the  theoretical  values,  since 
the  largest  error  is  less  than  0.1%.  The  relative  error  of  the  2.5D-MRTD  calculated  frequencies 
is  always  positive,  which  corresponds  to  an  overestimation  of  the  resonant  frequencies.  This  is 
exactly  what  has  to  be  expected  from  the  dispersion  behavior  of  the  MRTD  schemes. 

The  use  of  non-localized  basis  functions  in  the  2.5D-MRTD  scheme  causes  significant  effects. 
Localized  boundary  conditions  are  impossible  to  be  implemented,  so  the  perfect  electric  bound¬ 
ary  conditions  are  modelled  by  use  of  the  image  principle.  The  perfect  electric  conductor  is 
replaced  by  an  open  structure  with  electromagnetic  fields  characterized  by  even  or  odd  sym¬ 
metry.  Odd  symmetry  is  imposed  to  the  electric  field  components  that  are  tangential  to  the 
conductor  in  order  to  ensure  zero  electric  field  on  the  conductor  and  even  synunetry  for  the 
magnetic  field  components  that  are  tangential  to  the  conductor. 

The  non-localized  character  of  the  basis  functions  offer  the  opportunity  to  calculate  the  field 
values  in  any  point  of  the  discretization  cells.  The  field  values  at  the  neighbooring  cells  can  be 
combined  appropriately  by  adjusting  the  scaling  functions’  values  and  by  applying  the  image 
principle.  For  example,  the  total  electric  field  y©,  to)  with  (A;— 1/2)  At<to<  {k+1/2)  At 

is  calculated  by  £q.(6)  by  simply  truncating  the  l,m  summation  from  -12  to  12  for  each  index. 
That  means  that  the  summation  based  only  at  the  12  neighbooring  cells  from  each  side  gives 
the  total  field  component  values  with  good  accuracy.  In  (Fig.2-4),  the  value  of  the  Ey  field  has 
been  calculated  and  plotted  for  the  4  cells  exactly  below  the  strip  by  use  of  the  2.5D-MRTD 
scheme.  The  relative  position  of  the  strip  is  from  15  to  25  .  For  the  TEM  mode  the  pattern 
obtained  by  use  of  the  conventional  FDTD  scheme  is  plotted  for  comparison.  For  the  shield 
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TEiq  mode,  the  anahtically  calculated  pattern  has  been  added  for  reference.  All  results  are 
normalized  to  the  peak  value.  It  can  observed  that  the  agreement  of  the  MRTD  calculated 
field  pattern  with  the  reference  data  is  very'  good  for  the  shield  TE\q  mode,  where  the  \'alues 
are  changing  slowly  (sinusoidally)  (Fig.2).  On  the  contrary,  for  the  TEM  mode  where  the  edge 
effect  is  more  prominent,  the  agreement  is  not  good.  In  this  case,  w'avelets  of  0-Resolution  are 
added  in  both  directions  to  describe  the  higher  spatial  frequencies.  It  can  be  observed  from 
(Fig.3)  that  the  wavelet  coefficients  for  the  8x4  grid  have  a  significant  contribution  (>  10%) 
close  to  the  stripline.  Increasing  the  grid  size  from  8  to  16  to  the  strip  direction  and/or  from  4 
to  8  to  the  normal  to  the  strip  direction  improves  more  the  accuracy  of  the  field  representation 
(Fig.4). 

The  characteristic  impedance  Zo  for  the  TEM  mode  of  the  stripline  is  computed  from  the 
equation; 


f  _ Y-  — 

/  “  §c,Hdl 


(8) 


where  the  integration  paths  Cv  and  Cc  are  shown  in  (Fig. la).  Since  both  of  the  schemes  used  in 
the  analysis  are  discrete  in  space-domain,  the  above  integrals  are  transformed  to  summations. 
For  the  FDTD  summations,  only  one  field  value  per  cell  is  needed,  due  to  the  fact  that  pulse 
expansion  functions  which  are  constant  for  each  cell  are  utilized.  On  the  contrary,  for  the  2.5D- 
MRTD  summation  the  field  values  for  a  number  of  subpoints  along  the  integration  path  have 
to  be  calculated,  since  the  expansion  functions  are  not  constant  for  each  cell.  It  can  be  observed 
from  Table  2  that  the  accuracy  of  the  calculation  of  the  characteristic  impedance  is  improved 
by  increasing  the  number  of  subpoints  per  cell,  at  which  the  field  values  are  calculated.  An 
accuracy  better  than  1%  is  achieved  if  the  field  values  are  computed  for  more  than  9  subpoints 
per  cell  along  the  integration  path  for  the  scheme  including  wavelets  of  0-resolution  to  both 
directions.  On  the  contrary,  the  value  of  Zo  that  is  calculated  from  the  sdieme  based  only  on 
scaling  functions  is  oscillating,  thus  indicating  that  a  denser  mesh  is  required.  The  analytical 
value  of  the  Zo  is  95.58  Q  [7]. 

The  modification  of  the  dimensions  of  the  MRTD  mesh  (Table  3)  shows  that  the  accuracy  of 
the  calculation  of  the  Zo  by  use  of  the  MRTD  is  much  better  than  that  of  the  Yee’s  FDTD 
scheme  with  a  40x10  mesh  (relative  error  -3.28%). 

A  similar  procedure  is  used  for  the  analysis  of  the  shielded  coupled-stripline  geometry  of 
(Fig.  lb)  for  the  first  even  and  odd  mode.  Both  strips  have  a  length  of  11.9mm,  the  distances 
between  them  is  11.9mm,  from  the  top  and  bottom  PEC’s  are  11.0mm  and  from  the  left  and 
right  PEC’s  are  11.9mm.  The  structure  is  filled  with  air  (cr  =  1.).  For  the  analysis  with  the 
conventional  FDTD  scheme,  a  70  x  20  mesh  resulted  in  a  total  number  of  1400  grid  pints.  The 
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Subpoints/cell 

(fi) 

Relative  error 

Zr  {Q) 

Relative  error 

3 

80.56 

-15.71  % 

84.04 

-12.07  % 

5 

94.46 

-1.17  % 

92.55 

-3.17  % 

7 

99.06 

+3.64  % 

94.59 

-1.04  % 

9 

101.44 

+6.13  % 

94.96 

-0.65  % 

11 

97.56 

+2.07  % 

95.01 

-0.60  % 

Table  2:  Zo  for  diflferent  niimber  of  subpoints/cell  (8x4  Grid). 


z.  (n) 

Relative  error 

Analyt.  Value 

95.58 

0.0% 

8x4  MRTD 

95.01 

-0.60% 

8x8  MRTD 

95.19 

-0.41% 

16x4  MRTD 

95.71 

0.14% 

40x10  FDTD 

92.44 

-3.28% 

Table  3:  Zo  for  different  mesh  sizes  (11  subpoints/cell). 

same  accuracy  is  achieved  by  an  MRTD  mesh  14  x  4  (56  grid  points)  resulting  in  an  economy 
of  memory  by  a  factor  of  25.  The  space  distribution  of  the  tangential-to-stripline  E  is  plotted 
in  logarithmic  scale  in  (Fig.5)  for  the  even  mode. 

The  2-D  MRTD  technique  is  also  used  for  the  anal}rsis  of  a  shielded  microstrip  (Fig.lc)  with 
width  9.9mm  on  a  dielectric  substrate  with  Cr  =  10.65  and  thickness  11mm.  The  microstrip 
is  placed  in  the  center  of  a  rectangular  shield  69.3mm  x  44mm.  The  same  accuracy  for  the 
characteristic  impedance  calculation  (Theoretical  Zo  =  50  Ohms)  is  achieved  by  an  FDTD 
mesh  140  x  80  and  an  MRTD  mesh  28  x  20resulting  in  an  economy  in  memory  by  a  factor  of 
20. 

IV  Conclusion 

A  multiresolution  time-domain  scheme  in  2  dimensions  has  been  applied  to  the  numerical  anal¬ 
ysis  of  shielded  striplines  and  microstrips.  The  field  patterns  and  the  characteristic  impedance 
have  been  calculated  and  verified  1^  comparison  to  reference  data.  In  comparison  to  Yee’s 
conventional  FDTD  scheme,  the  proposed  2.5D-MRTD  scheme  offer  memory  savings  by  a 


7 


factor  of  25  and  execution  time  savings  by  a  factor  of  about  4-5  maintaining  a  better  accu¬ 
racy  for  characteristic  impedance  calculations.  This  indicates  memon.*  savings  of  a  factor  5 
per  dimension  leading  to  two  orders  of  memory  savings  in  three  dimensions.  Compared  to 
2.5D-FDTD,  25  times  less  cells  in  MRTD  require  about  5  times  less  running  time,  thus  the 
computation  time  per  cell  is  increased  by  a  factor  of  5.  This  leads  to  computation  time  savings 
of  more  than  one  order  for  3  dimensional  structures.  For  structures,  where  the  edge  effect  is 
prominent,  additional  wavelets  have  to  be  introduced  to  improve  the  accuracy  when  using  a 
coarse  MRTD  mesh. 
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Figure  5:  Tangential  E-field  Distribution  (Shielded  -  Even  Mode). 
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I  Abstract 

The  stability  and  the  dispersion  performance  of  the  recently  developed  Battle-Lemarie  MRTD  schemes  is 
investigated  for  >iiff«»rPTit.  stencil  sizes.  The  contribution  of  wavelets  is  enhanced  and  analytical  expressions  for 
the  tnaviwmm  allowable  time  step  are  derived.  It  is  observed  that  larger  stencils  decrease  the  numerical  phase 
error  maUng  it  significantly  lower  than  FDTD  for  low  and  medium  discretizations.  The  addition  of  wavelets 
further  improves  the  dispersion  performance  for  discretizations  close  to  the  Nyquist  limit,  though  it  decreases 
the  value  of  the  mavimnTn  time-step  guaranteeing  the  stability  of  the  scheme. 


II  Introduction 

Finite-Difference  Time-Domain  numerical  techniques  are  widely  used  now-a-da}rs  for  the  anal3rsis  of  various 
microwave  geometries  and  for  the  modelling  of  EM  wave  propagation.  Though  many  of  them  are  very  simple  to 
implement  and  can  be  easily  applied  to  different  topolo^es  with  remarkable  accuracy,  th^  cause  a  numerical 
phase  error  during  the  propagation  along  the  discretized  grid.  For  example,  the  numerical  phase  velocity  in 
the  FDTD  can  be  Hiffipiwit  than  the  vdodty  of  light,  depending  on  the  cell  size  as  a  fraction  of  the  smallest 
propagating  wavelength  and  the  direction  of  the  grid  propagation.  Thus,  a  non-physical  dispersion  is  introduced 
and  affects  the  accuracy  limits  of  FDTD  simulations,  espedaUy  of  large  structures. 

In  addition,  it  is  well-known  that  the  finite-difference  schemes  in  time  and  space  domain  require  that  the  used  - 
timp  step  should  take  values  within  an  interval  that  is  a  function  of  the  cdl  «ze.  If  the  time-step  takes  a  value 
outside  the  bounds  of  this  interval,  the  algorithm  will  be  numerically  unstable,  leading  to  a  spurious  increase 
of  the  field  values  without  limit  as  the  time  increases. 

Though  the  stability  and  the  dispersion  analysis  for  the  conventional  Yee’s  FDTD  algorithm  has  been  thor¬ 
oughly  investigated,  only  a  few  results  have  been  presented  concerning  MRTD  schemes  based  on  cubic  spline 
Battle-Lemarie  scaling  and  wavelet  functions  [2].  The  functions  of  this  family  do  not  have  compact  support, 
thus  the  finite  approximations  of  the  derivatives  are  finite  stencil  summations  instead  of  finite  differences. 

In  this  paper,  the  effect  of  these  stendls’  rize  as  well  as  of  the  enhancement  of  wavelets  is  investigated  and 
rnTnpariann  with  2nd-order  and  higher-order  FDTD  schemes  displays  difference  in  their  respective  behaviors. 
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Ill  Stability  Analysis 


Following  the  stability  analysis  described  in  [1],  the  MRTD  [2]  equations  are  decomposed  into  separate  time 
and  space  eigenvalue  problems.  Assuming  an  expansion  only  to  scaling  functions  (S-MRTD),  the  left-hand  side 
time-differentiation  parts  can  be  written  as  an  eigenvalue  problem 


At 

At 


At 


A  kHl^-,,2 


*+1/2 


(1) 

(2) 

(3) 


In  order  to  avoid  having  any  spatial  mode  increasing  without  limit  during  normal  time-stepping,  the  imaginary 
part  of  A,  Imag{A),  m  ust  satisfy  the  equation 


^  •  (4) 

For  each  time  step  k,  the  instantaneous  values  of  the  electric  and  magnetic  fields  distributed  in  space  across  the 
grid  can  be  Fourier-transformed  with  respect  to  the  i-  and  j-  coordinates  to  provide  a  spectrum  of  oininOTirfal 
modes  (plane  wave  eigenmodes  of  the  grid).  Assuming  an  eigenmode  of  the  spatial-frequency  domain  with  kg 
and  ky  bring  the  x-  and  y-  components  of  the  numerical  rigenvector,  the  field  components  can  be  written 


El  j  = 

Substituting  these  expressions  to  (l)-(3)  and  applying  Euler’s  identify,  we  get 

^  £  o(i')«n(*,(i  -I-  1/2)A®))*  -I-  £  a(j')nn(kyO'  +  l/2)Ay))*) 

Thus,  A  is  a  pure  imaginary,  which  can  be  bounded  for  any  wavevector  k  =  (kg,  ky): 
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(5) 


where  c  =  is  the  velocity  of  the  light  in  the  modeled  medium. 

Numerical  stability  is  maintained  for  every  spatial  mode  only  when  the  range  of  rigenvalues  given  by  (5)  is 
contained  entirely  within  the  stable  range  time-differentiation  rigenvalues  given  by  (4).  Since  both  ranges 
are  symmetrical  around  zero,  it  is  adequate  to  set  the  upper  bound  of  (5)  to  be  smaUer  or  equal  to  (4),  giving: 

At  < - ^  (6) 

c  |o(*0l)  ^(2^  +  13^ 

For  Ax  —  Ay  =  A,  the  above  stability  criterion  gives 
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It  is  knot’ll  [3]  that 


which  gives  for  Ax  ^  Ay  ^  A 
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Equations  (7)-(9)  show  that  for  same  discretization  size,  the  upper  bounds  of  the  time-steps  of  FDTD  and 
5-MRTD  are  comparable  and  related  through  the  factor  s.  The  stability  analysis  can  be  generalized  easily  to 
3D.  The  new  stability  criteria  can  be  derived  by  the  equations  (7)  and  (9)  by  substituting  the  term  y/?  with 
%/3. 


More  complicated  expressions  can  be  derived  for  the  maximum  allowable  time-step  for  schemes  containing 
scaling  and  wavelet  functions.  For  example,  the  upper  bound  of  the  time-step  for  the  2D  MRTD  scheme  with 
0-resolution  wavelets  to  the  one  (x-direction)  or  two  directions  (x-  and  y-directions)  is  given  by 


^tWoS-MKTD  < 
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For  Az=Ap=A,  the  above  equations  give 
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It  can  be  observed  that  the  upper  bound  of  the  time  st^  depends  on  the  stencil  mze  na,  ni,  rie.  This  dependence 
is  expressed  through  the  coefficients  8ss>»WoSi>WoWot  which  decrease  as  the  stendl  size  increases.  Figure  1 
shows  that  »ss  practically  converges  to  the  value  0.6371  after  >  10  and  awoS  0.4872  and  awoWo  ^  0.4095 
for  no  =  1*6  =  Tic  >  10. 


IV  Dispersion  Analysis 

To  calculate  the  numerical  dispersion  of  the  S-MRTD  scheme,  plane  monochromatic  traveling-wave  trial  solu¬ 
tions  are  substituted  in  the  discretized  Maxwell’s  equations.  For  example,  the  Ez  component  for  the  TM  mode 
has  the  form 
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where  Jk,  and  ky  are  the  x-  and  y-  components  of  the  numerical  wavevector  and  uj  is  the  wave  angular  frequency. 
Substituting  the  above  expressions  into  the  Equations  (l)-(3),  the  following  numerical  dispersion  relation  is 
obtained  for  the  TM  mode  for  the  S-MRTD  Scheme  after  alge  braic  manipulation 


i*=0 

+  «0*')«n(*v0'  +  l/2)Ay))p  (10) 

For  square  unit  cells  (Ax=Ay=A)  and  wave  propagating  at  an  angle  0  with  resp>ect  to  x-axis  =  k  oos0 
and  ky^k  sin^),  the  above  expression  is  simplified  to 
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This  equation  relates  the  numerical  wavevector,  the  wave  frequency,  the  cdl  size  and  the  time^step.  Solving 
this  numerically  for  different  angles,  time  step  azes  and  frequencies,  the  dispersion  charactoistics  can  be 
quantified. 

Defining  the  Courant  number  q  =  (cAt)/A  and  the  number  of  cells  po'  wavelength  ni  =  Xreal!^  and  using 
the  definition  of  the  wavevector  k  =  {2tr)/XsuM  the  dispersion  relationship  can  be  written  as 


.  lU-l 

[-  sin(7r  q  /ni)]’  =  [  V'  a(i')  sin(ir  u  (2t'  + 1)  costf)  /n/)l* 

i»,-i 
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where  u  =  Xreal/Xnum  is  the  ratio  of  the  theoretically  give  n  to  the  numerical  value  of  the  propagating 
wavelength  and  egresses  the  phase  error  introduced  the  S-MRID  algorithm.  To  satisfy  the  stability 
requirements,  q  has  to  be  smaller  than  0.45  (=  0.6371/v^)  for  the  2D  simu  lations. 

The  above  analysis  can  be  extended  to  cover  the  expansion  in  scaling  and  0-resolution  wavelet  functions  in  x-, 
y-  or  both  directions. 

The  general  dispersion  relationship  is 


^  (CiCi  -f  C2C2  +  CtCi  +  CM  +  (^)^[^^^^^  +  gsCe)^  ^ 

C  €  A 

+(f  )^C'iC2  -t-  C2C3)^(C4C6  +  = 


(ClC2  +  C2C3)^, 
B  ^ 

1 


(13) 
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T^ble  1:  Coefficients  Ci  for  Different  MRTD  Schemes 


with 

F  =  1  -  + 

t  At  JD 

—  [“(C2C2  +  C3C3  +  CsCs  +  CeCe] 


A  =  1  —  ^(CiCi -f  C2C2  +  C5C5  +  CgCe) 

B  =  1  —  ~(C2C2  +  C3C3  +  C4C4  +  C5C5) 

.  The  Ci  are  defined  by 

=  -,^uMI2)  S  “(*')""(*■(■•'  +  V2)A) 

=  ~MrintA</2)  E 


(14) 


(15) 


(16) 


Eq.(13)  can  be  applied  to  the  dispersion  analysis  of  SS  (only  scaling  functions),  iro<^  (0-resolution  wavelets 
only  to  x-direction),  511^o  (0-resolution  wavelets  only  to  y-direction)  and  l^o^o  (0-resolution  wavelets  to  both 
X-  and  y-  directions)  following  Table  2.  In  case  the  Ct  ^  0,  it  can  be  calculated  by  Eq.(18). 

The  above  equation  is  solved  numerically  by  use  of  Bisection-Newton-Raphson  Hybrid  Technique  for  different 
values  of  no,  n»,  tie  ni,  <l>  and  9.  Fig.(2)-(5)  show  the  variation  of  the  numerical  phase  velocity  as  a  function 
of  the  inverse  of  the  Courant  number  l/s=l/q  for  stencil  sizes  na  =  n»  =  ne  =  8, 10, 12, 14.  For  each  figure, 
three  different  discretization  sizes  are  used:  10  cells/wavelength  (coarse),  20  cells/wavelength  (normal)  and 
40  cells/wavelength  (dense).  The  results  are  compared  to  the  respective  values  of  conventional  FDTD.  It  can 
be  observed  that  the  phase  error  for  F.D.T.D.  decreases  quadratically.  The  variation  of  the  phase  error  in 
M.R.T.D.  exhibits  some  unique  features.  Though  for  any  stencil  size  the  numerical  phase  error  for  M.R.T.D. 
discretization  of  lOcellafX  is  smaller  than  that  of  the  F.D.T.D.  discretization  of  40ce//5/A,  the  M.R.T.D.  error 
doesn’t  behave  monotonically  [4].  It  decreases  up  to  a  certain  discretization  value  and  then  it  starts  increasing. 
This  value  depends  on  the  stencil  size  and  takes  larger  values  for  larger  stencils.  For  example,  this  value  is 
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between  10  and  20  cells/X  for  stencil  equal  to  10,  between  20  and  40  cells/X  for  stencil=12  and  ver>-  close 
to  40  cella/X  for  steDcil=14  and  can  be  used  as  a  criterion  to  characterize  the  discretization  range  that  the 
M.R.T.D.  offers  significantly  better  numerical  phase  performance  than  the  F.D.T.D. 

The  phase  error  caused  by  the  dispersion  is  cumulative  and  it  represents  a  limitation  of  the  conventional  FDTD 
Yee  algorithm  for  the  simulation  of  electrically  large  stninures.  It  can  be  observed  that  the  error  of  S-MRTD 
is  significantly  lower,  allowing  the  modeling  of  larger  structures.  FDTD  is  derived  be  expanding  the  fields  in 
pulse  basis.  As  it  is  well  known  the  Fourier  transform  of  the  pulse  is  a  highly  oscillating  Si(x).  On  the  contrary’, 
the  Fourier  transform  of  the  Battle-Lemarie  Cubic  spline  is  similar  to  a  low-pass  filter.  That  ’’smooth"  spectral 
characteristic  offers  a  much  lower  phase  error  even  for  very  coarse  (close  to  3-4  cells/A)  cells. 

By  using  a  larger  stencil  rio,  the  entire-domain  oscillating  nature  of  the  scaling  functions  is  better  represented. 
Thus,  smoother  performance  for  low  discretizations  (Fig.(6))  and  lower  phase  error  for  higher  discretizations 
(Fig.(7))  is  achieved  as  Ua  increases  from  8  to  12.  Wavelets  contribute  to  the  improvement  of  the  dispersion 
characteristics  for  even  coarser  cells  (close  to  2.2-2.4  cells/A)  as  it  is  demonstrated  in  Fig.(8)-(13).  For  dis¬ 
cretizations  above  4  cells/A  the  effect  of  the  wavelets  is  negli^ble.  (Fig.(ll))  and  (Fig.(13))  show  clearly  that 
the  phase  error  has  a  minimum  for  a  spedfic  discretization  (17  for  s  10  and  25  for  =  12). 

Fig.(14)-(17)  show  that  for  discretizations  smaller  than  30ce/ls/A  the  choice  of  the  Courant  number  affects 
significantly  the  dispersion  performance  which  starts  converging  to  the  minimum  numerical  phase  error  (0.8 
deg/A  for  n<,  =  ns  =  rie  =  10  and  0.2  deg/A  for  na—nb  =  ne  —  12)  for  1/q  dose  to  10.  On  the  contrary,  the 
F.D.T.D.  dispersion  is  almost  independent  of  the  Courant  number  (Fig.(18)-(19)). 

It  has  been  claimed  in  [5]  that  the  S-MRTD  Scheme  is  slightly  oscillating  and  its  performance  is  only  com¬ 
parable  with  the  14*^  order  accuracy  Yee’s  scheme.  Though  this  is  true  for  the  S-MRTD  schemes  with  stencil 
size  of  8,  the  comparison  of  the  dispersion  diagrams  of  Yee’s  FDTD  scheme,  Yee’s  16th  order  (H.F.D.-16) 
and  22th  order  (H.F.D.-22)  and  S-MRTD  and  Wo-MRTD  schemes  with  different  stencils  leads  to  interesting 
results.  For  comparison  purposes,  the  values  of  At  =  Atmaz/S  and  Atmas  =  0.368112A//c  have  been  used  and 
all  the  dispersion  curves  are  substracted  by  the  linear  dispersion  relation  for  ID  emulations.  Fig.(20)  shows 
that  the  S-MRTD  scheme  with  stencil  10  has  a  comparable  performance  to  the  16th  order  Yee’s  scheme.  The 
enhancement  of  the  wavelets  for  the  same  stendl  improves  dgnificantly  the  dispersion  characteristics  of  the 
MRTD  scheme  increasing  the  dynamic  range  of  by  approximately  90%  and  comparing  favorable  even  to 
the  22th  order  Yee’s  scheme.  This  is  expected  due  to  the  fact  that  the  scaling+wavelet  ba»s  spans  a  larger 
("more  complete”)  subspace  of  R  than  the  scaling  functions  alone.  Both  S-MRTD  and  Wo-MRTD  schemes 
have  identical  numerical  phase  errors  up  to  the  point  that  the  S-MRTD  scheme  starts  diverging  (Fig.(21)).  As 
the  stencil  size  of  the  Wo-MRTD  scheme  is  increasing  from  6  to  12  (Fig.(22)-(23)),  the  osdilatory  variation 
of  the  phase  error  is  diminishing  to  a  negligible  level  generating  an  almost  flat  algorithm  similar  to  the  higher 
order  Yee’s  ones. 

As  a  conclusion,  due  to  the  poor  dispersion  performance  of  the  FDTD  technique  even  for  10  cells/wavelength 
a  normal  to  coarse  grid  is  always  required  to  avoid  signiflcant  pulse  distortions  especially  for  the  higher- 
spatial-frequency  components.  MRTD  offers  low  dispersion  even  for  sparse  grids  very  close  to  the  Nyquist 
limit. 

V  Conlusion 

The  stability  and  the  dispersion  performance  of  the  recently  developed  Battle-Lemarie  MRTD  schemes  has  been 
investigated  for  different  stencil  sizes  and  for  0-resolution  wavelets.  Analytical  expressions  for  the  maximum 
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stable  time-step  have  been  derived.  Larger  stencils  decrease  the  numerical  phase  error  making  it  significantly 
lower  than  FDTD  for  low  and  medium  discretizations.  Stencil  sizes  greater  than  10  offer  a  smaller  phase  error 
than  FDTD  even  for  discretizations  close  to  50  cells/ wavelength.  The  enhancement  of  wavelets  further  improves 
the  dispersion  performance  for  discretizations  close  to  the  Nyquist  limit  (2-3  cells/w'avelength)  making  it 
comparable  to  that  of  much  denser  grids,  though  it  decreases  the  value  of  the  maximum  time-step  guaranteeing 
the  stability  of  the  scheme. 
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Phase  Error  (deg/lambda) 


Phase  Error  (Ste=B  vs.  FDTD) 


Figure  2:  Dispersion  Characteristics  of  S-MRTD  for  na=8. 
Phase  Error  (SteslO  vs.  FDTD) 


Figure  3:  Dispersion  Characteristics  of  S-MRTD  for  r;a=10. 
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Phas^Error  (deg/l^bda)  ^  ^  Phase  Error  (deg/tambda) 


Phase  Error  (Ste=12  vs  FDTD) 


Figure  4:  Disperaion  Characteristics  of  S-MRTD  for  na=12. 


Phase  Error  (Stes14  vs.  FDTD) 


Figure  5:  Dispersion  Characteristics  of  S>MRTD  for  na=14. 
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Stencil  Effect  on  the  Dispersion  Characteristics  of  S-MRTD  (Sparse  Grid). 


Figure  7:  Stencil  Effect  on  the  Dispersion  Characteristics  of  S-MRTD  (Dense  Grid). 
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Figure  8:  Wavelets  Effect  on  the  Dispersion  Characteristics  of  MRTD  for  na=8  (Coarse  Grid). 


Figure  0:  Wavelets  Effect  on  the  Dispersion  Characteristics  of  MRTD  for  na=8  (Denser  Grid). 
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Figure  10:  Wavelets  Effect  on  the  Dispersion  Characteristics  of  MBTD  for  na=10  (Coarse  Grid). 


Figure  11:  Wavelets  Effect  on  the  Dispersion  Characteristics  of  MRTD  for  n^—lO  (Denser  Grid). 
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Figure  14:  Effect  of  the  Courant  Number  on  the  Dispersion  Characteristics  of  Wtt  —  MRTD  for 
Oa  =  06  =  ne=10  (CoBTse  Grid). 


Figure  15:  Effect  of  the  Courant  Number  on  the  Dispersion  Characteristics  of  Wo  —  MBTD  for 
Ha  — rib  =  nc=10  (Denser  Grid). 
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Figure  16:  Effect  of  the 
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Abstract 

A  novel  Time  Adaptive  Time-Domain  Technique  based  on  the  Haar  expansion  basis  is  proposed  and 
applied  to  various  circuit  problems.  This  scheme  offers  improved  time  resolution  in  comparison  to  con¬ 
ventional  Time-Domain  schemes  (F.D.T  J).)  while  maintaining  a  similar  accuracy  with  commercial  circuit 
simulators. 

I  Discussion  on  the  Expansion  Basis  Choice  for  MRTD 

It  is  well  knowD  that  the  method  of  moments  provides  a  mathematically  correct  approach  for  the  discretization 
of  integral  and  partial  differential  equations.  Since  it  allows  for  the  tise  of  any  complete  and  orthonormal  set,  the 
choice  of  an  appropriate  expansion  set  may  lead  to  different  time  domain  schemes.  For  example,  the  expansion 
of  the  unknown  fields  using  pulse  functions  leads  to  Yee’s  FDTD  scheme.  In  a  MBTD  scheme  [?,  ?]  the  fields 
are  represented  by  a  two-fold  expansion  in  scaling  and  wavelet  functions  with  respect  to  time/space.  Scaling 
functions  guarantee  a  correct  modelling  of  smoothly-var3ring  fields.  In  regions  characterized  by  strong  field 
variations  or  field  singularities,  higher  resolution  is  enhanced  by  incorporating  wavelets  in  the  field  expansions. 
The  major  advantage  of  the  use  of  Multiresolution  analyris  to  time  domain  is  the  capability  to  develop  time 
and  space  adaptive  grids.  This  is  due  to  the  property  of  the  wavelet  expansion  functions  to  interact  weakly 
and  allow  for  a  spatial  sparsity  that  may  vary  with  time  through  a  thresholding  process. 

MRTD  schemes  based  on  cubic  spline  Battle-Lemarie  scaling  and  wavelet  functions  have  been  successfully 
applied  to  the  simulation  of  2D  and  3D  open  and  shielded  problems  [?,  ?,  ?,  ?].  The  functions  of  this  family 
do  not  have  compact  support,  thus  the  MRTD  schemes  have  to  be  truncated  with  respect  to  space.  Localized 
boundary  conditions  (PECs,  PMCs  etc.)  and  material  properties  are  modelled  by  use  of  the  image  principle 
and  of  matrix  equations  respectively.  However,  this  disadvantage  is  offset  by  the  low-pass  (scaling)  and  band¬ 
pass  (wavelets)  characteristics  in  spectral  domain,  aUowing  for  an  a  priori  estimate  of  the  number  of  resolution 
levels  necessary  for  a  correct  field  modelling.  In  addition,  the  evaluation  of  the  moment  method  integrals 
during  the  discretization  of  Maxwell’s  PDEs  is  simplified  due  to  the  existence  of  closed  form  expressions  in 
spectral  domain  and  simple  representations  in  space  donudn.  Dispersion  analysis  of  this  MRTD  sdieme  shows 
the  capability  of  excellent  acciuracy  with  up  to  2  points/wavelength  (Nyquist  Limit).  However,  spedfic  circuit 
problems  may  require  the  use  of  functions  with  compact  support.  Epsedally  in  the  approximation  of  time 
derivatives,  the  use  of  entire  domain  expansion  basis  would  require  very  high  memory  resources  for  the  storage 
of  the  field  values  eveiywhere  on  the  grid  for  the  whole  or  a  large  fraction  of  the  simulation  time.  This  problem 
does  not  exist  in  the  approximation  of  the  spatial  derivatives  since  the  field  values  on  the  nd^boring  spatial 
grid  points  have  to  calculated  and  stored  no  matter  what  expansion  basis  are  used.  For  that  reason,  Haar 
basis  functions  have  been  utilized  and  have  led  to  [?].  As  an  extension  to  this  approach,  intervalic  wavelets 
(Fig.l)  may  be  incorporated  into  the  solution  of  SPICE-type  circuits.  Results  from  that  new  technique  will  be 
presented  in  this  Chapter  . 
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II  Applications  in  SPICE  problems 

For  simplicity,  the  ID  MRTD  scheme  uHll  be  derived.  It  can  be  extended  to  2D  and  3D  in  a  straightfor^*ard 
way.  In  addition,  only  the  Oresolution  of  wavelets  is  enhanced.  The  Voltage  and  the  Current  are  displaced  by 
half  step  in  both  time-  and  space-domains  (Yee  cell  formulation)  and  are  expanded  in  a  summation  of  scaling 
functions  in  space  and  scaling  (0)  and  wavelet  (^o)  components  in  time 

fn=— oo  i=r— oo 
oo  oo 

E  E  («-0.5'?^^-o.5^i-05W  +  »-0.S'^m-0.5^0.«-0-5(^))  <t>m-0.i{^)  i  (1) 

fns^oo  00 

where  <t)i{t)  =  ti>it/At  —  i)  and  V’o,t(<)  —  rl>o{t/At  —  i)  represent  the  O.order  intervalic  scaling  and  0-resoIution 
wavelet  functions.  The  conventional  notation  tVm  used  for  the  voltage  component  at  time  t  =  kAt  and 
z  =  mAz,  where  At  and  Az  are  the  time-step  and  the  spatial  cell  size  respectively.  The  notation  for  the 
current  I  is  similar. 

Due  to  the  finite-domain  nature  of  the  exp>ansion  basis,  the  Hard  Boundary  conditions  (Open/Short  Circuit) 

can  be  easily  modeled.  If  a  Short  Circuit  exists  at  the  z  s  mAz,  then  both  scaling  and  wavelet  voltage 

coefficients  for  the  m  —  cell  must  be  set  to  zero  for  each  time-step  k. 

kV*  =  kV*'>=0,  h  =  0,l,2,...  (2) 

Similarly,  an  Open  Circuit  at  z  =  (m  —  O.S)Az  can  be  modeled  by  applying  the  conditions 

k-o.sI^-0.6  =  *-o.5^JSLo.6  =  0>  A;  =  0, 1, 2, ...  (3) 

The  alternating  nature  of  the  0-resolution  wavelet  function  guarantees  the  double  time-domain  resolution 
of  the  MRTD  scheme.  Assuming  that  the  voltage  scaling  and  wavelet  coefficients  at  m  =  Az  for  a  spedfic 
time-step  k,  two  values  can  be  defined  for  the  time  span  [(A;  —  0.5)At,  (k  +  0.5)At]  of  this  time-step 

ky^tai.1  ^  kV^+kl^,  t€[{k-0.5)At,kAt]  (4) 

kV^oia  ^  kV*-kV^,  te[kAt,  (k  +  0.5)At]  (5). 


V(z,t)  = 
Iiz,t)  = 


n.l  Distributed  Elements 


II.1.1  Lossless  Line 


The  ideal  transmission  line  (Fig.2)  equations  are  given  by 


dV  .  dl 

dz  ^*^dt 

£  -  -r  ^ 

dz  dt 


(6) 


where  LdUt  Cdu  are  the  distributed  inductance  and  capacitance  of  the  line.  Inserting  the  expansions  of  Eq.(l) 
and  applying  the  Method  of  Moments,  the  following  MRTD  equations  are  derived 

^  {k+lV*  -  kV*)  =  ~  (*+0.6f;^+0.6  -  (7) 
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Ar 

(*+0.57m+0.5  “  t+O.S-fm-O.s) 

(8) 

Lfli$  t  \  _ 

0.5  0.5/77,— 0.5/ 

1 

Az 

(9) 

^(*+0.5C-0.5-*-O.5C-0.5)  = 

1 

Az 

(10) 

It  can  be  observed  that  Eqs.(7)  and  (9)  updating  the  scaling  coefficients  only  are  independent  of  the  Eqs.(8) 
and  (10)  updating  the  wavelet  coefficients.  To  create  an  efficient  time  adaptive  algorithm,  all  four  equations 
must  be  coupled.  An  efficient  way  is  to  apply  the  excitation  in  a  physically  correct  manner.  If  the  excitation 
has  the  time-dependence  g{t)  at  the  location  z  =  then  the  scaling  and  wavelet  coefficients  for  this  cell 

have  to  take  the  values 


.y4> 


-L 

-L 


(i-0.5)A< 

(fc+0.S)A( 


(i-0.5)A( 


g{t)  dt 

p(<) 


(11) 


To  validate  this  approach,  the  MRTD  algorithm  was  applied  to  the  simulation  of  a  lossless  transmission  line 
with  (Ldii,Cdi,)  =  {20nH /m,ZnF/m)  for  a  Gabor  excitation  and  time-step  dt  =  dtmas/1-01-  Fig.(3)  which 
displays  the  Voltage  Scaling  and  Wavelet  Coefficients  evolution  at  z  =  200Az  for  the  &st  800  time-steps  of 
the  aiimilatinn,  shows  that  the  wavelet  coefficients  have  the  correct  shape  (significant  values  only  at  areas 
with  Qgnificant  scaling  function  values)  and  are  close  to  the  12%  of  the  respective  scaling  functions.  Fig.(4) 
which  compares  the  total  voltage  value  at  z  =  200Az  calculated  by  FDTD  (Sc.ONLY)  and  MRTD  (Sc.+Wav.) 
for  the  time-steps  357-362  demonstrates  the  ability  of  this  MRTD  scheme  to  double  the  conventional  FDTD 
resolution  in  the  time-domain  by  providing  two  values  for  each  time-step.  The  fact  that  the  wavelet  coeffiaents 
take  significant  values  only  for  a  small  number  of  time-steps  allows  for  their  thresholding  by  comparing  them  to 
a  combination  of  relative  to  the  respective  value  of  the  scaling  coefficient  (5.e-4)  and  absolute  (l.e-6)  thresholds. 
Fig.(5)  proves  that  up  to  60%  of  the  maximum  number  of  wavelet  coeffidents  are  necessary  for  an  accurate 
simulation,  offering  an  extra  economy  in  memory  by  a  fetetor  of  20%. 


11.1.2  Lossy 


The  lossy  transmission  line  (Fig.6)  equations  are  derived  by  the  ideal  transmission  line  equations  (Eq.(6)) 
adding  the  Conductor  Loss  Rdu  and  the  Dielectric  Loss  Gdi$ 


dz  ”  ^  dt 

^  =  -GduV  -Cdu^  .  (12) 

Following  a  procedure  similar  to  the  previous  section,  the  following  MRTD  equations  are  derived 
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Cl  =  CdtfAz  ,  C2  ~  O.S  C^if Az  At, 
C3  =  LditAz  ,  C4  =  0.5  Rdit^z  At, 


(15) 


(16) 


For  this  type  of  tran.smis.sion  line,  the  equations  giving  the  scaling  and  wavelet  coefficients  for  voltage  and 
current  are  coupled.  Nevertheless,  the  condition  (11)  has  to  be  applied  in  order  to  satisfy  the  physical  boundary 
condition  at  the  excitation  cell(s).  It  has  to  be  noted,  that  Eqs.(13)-(16)  can  be  used  only  for  lossy  lines  with 
low  to  medium  Loss  Coefficients.  The  threshold  C3  <  4Ci  for  Gdii  (C4  <  4C3  for  Rdu)  gave  satisfactory 
results  for  all  simulations.  For  higher  loss  coefficients,  the  Loss  can  be  modeled  in  an  exponential  way  siniilar 
to  [?].  For  example,  for  large  values  of  Rn,  (C4  >  Cs),  Eqs.(15)-(16)  have  to  be  replaced  by  the  following 
uncoupled  expressions 

Using  this  procedure,  a  termination  layer  similar  to  the  FDTD  widely  used  PML  layer  can  be  easily  modeled. 
The  Rdu^Gdi,  should  have  a  spatial  parabolic  distribution  with  very  high  TnayiTnnni  value  and  they  should 
satisfy  the  condition  C^m  =  Rdul^du/Cau  for  each  cell  of  the  layer.  In  this  way,  one  matched  transmission 
line  can  be  simulated  by  dioosing  the  appropriate  Rdu^Gau  that  satisfy  the  specified  numerical  refiection 
coefficient  (usually  smaller  than  >80dB). 

For  validation  purposes,  the  propagation  of  a  Gabor  pulse  along  a  lossy  line  with  Rdii  =  5U/m  has  been 
simulated  and  the  scaling  and  wavelet  voltage  coefficients  have  been  probed  at  the  positions  z  s  140Az  and 
z  =  IGOAz.  Data  for  the  first  200  time-steps  (At  =  2^t/3)  have  been  plotted  in  Fig.(7).  The  maximum  value 
of  the  wavelet  coefficients  (approximately  7%  of  the  respective  scaling  coefficient)  is  smaller  than  that  of  the 
lossless  line.  By  applying  a  thresholding  procedure  using  an  absolute  threshold  of  10~*  and  a  relative  threshold 
of  5e  —  4,  an  extra  economy  of  29%  is  achieved,  since  only  60%  of  the  voltage  and  25%  of  the  current  wavelet 
coefficients  take  values  above  the  thresholds  throughout  the  simulation  time  (Fig.(8)). 

II.2  Lumped  Elements 

11.2.1  Passive  Elements 

Lumped  Passive  Elements  such  as  Capacitors,  Inductors  and  Resistors  can  be  modeled  in  a  similar  way  with  the 
Distributed  ones  numerically  distributing  them  along  one  cell.  For  example,  if  one  lumped  Capacitor  Cium  is 
located  at  z  =  mAz  along  a  lossy  line  with  (iZdt(,GdM,Ld{(,C,ii«),  the  voltage  coefficients  k+iV^  will 
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still  be  given  by  Eqs-{13)-(14).  The  only  difference  is  that  the  constant  Ci  udll  have  the  new  \*alue  Ci  =  Cto<  Ar 
with 

C'lum 


Ctot  ^  Cdi§t  + 


A2 


(19) 


II.2.2  PN-Diode 


To  model  lumped  active  elements  such  as  a  PN-diode,  their  nonlinear  equation  has  to  be  discretized  after 
inserting  the  voltage  and  current  expansions.  The  MRTD  equations  are  not  linear  and  require  the  use  of 
numerical  solvers  for  nonlinear  systems.  The  combined  Newton-Raphson /Bisection  solver  has  provided  stable 
solutions  for  PN-diode  simulations  with  7o  <  l.c  —  10>1,  though  sometimes  diverges  for  larger  values.  The 
voltage  scaling  and  wavelet  coefficients  for  the  diode  cell  are  updated  by  inserting  the  voltage  and  current 
expansion  in  the  equation 

lDiODE{V)^Io{e^^/^^  -1)  (20) 

adding  the  diode  capacitance  Cj  to  the  Cdi»  and  applying  the  moments  method,  thus  giving  the  nonlinear 
system  for  a  diode  positioned  in  parallel 


-C^  kV* 


+  *1^'  +  iCf,  -  Cii,)  u-xV*  -  C,  k.xV*o  +  |^(*-o.5Co.5  - 

+  0.5  At  +€*’*-'*  =  0  (21) 

-  (C,  -  C^u)  +  C,  -  (Cs  +  C,„„)  -  *-o.6i:^o.5) 


with 

Cs  =  0.5  At  Glum  (23) 

To  validate  the  algorithm,  the  rectifier  topology  of  Fig.  (9)  is  analyzed  uring  FDTD  (Scaling  Only)  with 
At  =  Atniax/4.4  and  MRTD  (Scaling+wavelets)  with  double  time-step  At  s  Atmaz/2.2.  A  lossless  line  with 
Cdit)  =  (20nH/m,  3nF/m)  and  a  PN-Diode  with  Jo  =  ZpA  are  used  in  the  simulation.  The  probed  total 
voltage  is  plotted  in  Fig.(10)  and  the  agreement  is  very  good.  The  use  of  an  absolute  threshold  of  10~*  and  a 
relative  threshold  of  5e  —  4  offers  an  extra  economy  of  35%  for  the  MRTD  algorithm. 

Ill  Conclusion 

A  Time  Adaptive  Time-Domain  Technique  based  on  intervalic  wavelets  has  been  proposed  and  applied  to 
various  types  of  drcuits  problems  with  active  and  passive  lumped  and  distributed  elements.  This  scheme 
exhibits  significant  savings  in  execution  time  and  memory  requirements  while  maintaining  a  similar  accuracy 
with  conventional  circuit  simulators. 
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Figure  2:  Ideal  (Lossless)  Transmission  Line. 
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I  Introduction 

Recently  the  principles  of  the  Multiresolution  Analysis  have  been  successfully  applied  [1,  2] 
to  the  time-domain  numerical  techniques  used  for  the  analysis  of  a  variety  of  microwave  prob¬ 
lems.  New  techniques  have  been  derived  by  the  use  of  scaling  and  wavelet  functions  for  the 
discretization  of  the  time-domain  Maxwell’s  equations.  The  multiresolution  time  domain  tech¬ 
nique  (MRTD)  based  on  Battle  Lemarie  functions  has  been  used  for  the  simulations  of  planar 
circuits  and  resonating  structures.  The  conventional  FDTD  absorbers  (e.g.  PML)  have  been 
generalized  in  order  to  amadj^e  open  planar  structures.  MRTD  has  demonstrated  unpau’alleled 
savings  in  execution  time  amd  memory  requirements  (2  orders  of  magnitude  for  3D  problems).  In 
addition  to  time  amd  memory,  MRTD  technique  can  provide  spaice-  amd  time-  adaptive  meshing 
without  the  problems  that  the  conventional  FDTD  variable  grids  are  encountering  (e.g.  reflec¬ 
tions  between  dense-coarse  regions).  This  unique  feature  stems  from  the  use  of  two  separate  sets 
of  basis  functions,  the  scading  amd  wavelets.  Due  to  the  excellent  conditioning  of  the  formulated 
mathematicad  problem,  MRTD  offers  the  capability  to  threshold  the  wavelet  field  coefficients. 
This  advantage  of  the  MRTD  Technique  is  demonstrated  herein  by  performing  a  space-/time- 
aidaptive  meshing. 

In  this  paper,  a  space-/time-  adaptive  meshing  algorithm  based  on  the  MRTD  scheme  is  pro¬ 
posed  and  validated  for  a  specific  waveguide  problem.  Wavelets  up  to  the  second  resolution 
are  placed  only  at  locations  where  the  EM  fields  have  significamt  values.  These  locations  are 
rhanging  with  the  time  as  the  pulse  is  propagating  inside  the  waveguide  and  with  the  space  as 
the  pulse  is  approaching  regions  of  discontinuities.  The  proposed  algorithm  offers  the  oppor¬ 
tunity  of  a  space-/time-  adaptive  mesh  with  variable  resolution  of  the  field  representation.  In 
this  way,  significant  memory  and  execution  time  savings  can  be  achieved  in  comparison  to  the 
conventional  variable-mesh  FDTD  algorithms. 


II  MRTD  Formulation 


Without  loss  of  generality,  the  2D-MRTD  scheme  for  the  TM^  modes  will  be  described  herein. 
To  derive  the  scheme  equations,  the  field  components  are  represented  by  a  series  of  cubic  spline 
Battle-Lemarie  scaling  and  1-order  wavelet  functions  along  the  z-direction,  w’hile  pulses  are  used 
for  the  time  representation.  Wavelets  of  higher-order  can  be  included  in  a  similar  way.  After 
inserting  these  series  expansions  in  Maxwell’s  equations  and  sampling  them  with  pulse  functions 
in  time  and  scaling/wavelet  functions  in  space  domain,  we  derive  the  following  equations  for 
the  electric  field: 


2  2  m+mi  m+ms 

^U+lA+l/Z.m  ”  *-^/+l/2,m)  =  ^  ®(0*+l/2  ^  ^(0*+l/2  •fl^ji!^l/2,t+l/2) 

1712  7714 

1  2  ni+ma  m+ms 

“  *A+l/2,m)  =  IZ  KOfc+1/2  •H/'5hl/2,f+l/2  +  iZ  ®(0*+l/2  •^^^^l/2,i+i/2) 

t^m— 7714  l=m— 7716 


At 

At 


1  1 

'^{k+lDfm+i/2  ~  leDfm^i/2)  =  T~(  ®(0*+l/2  ^^,>l/2,m+i/2) 

t=/— <2 

1  1 

t=:i— ^4 


where  *-^m  with  ^=0  (scaling),^  (wavelets)  are  the  coefiScients  for  the  electric 

flux,  electric  and  magnetic  fleld  expansions.  The  indices  I,  m  and  k  are  the  discrete  space  and 
time  indices,  which  are  related  to  the  space  and  time  coordinates  via  x  =  lAx,z  =  mAz  and 
t  =  kAtf  where  Ax,Az  are  the  space  discretization  intervals  in  x>  and  z-direction  and  At  is  the 
time  discretization  interval.  The  coeflicients  a(t),  6(i),c(i)  are  derived  and  given  in  [1].  For  an 
accuracy  of  0.1%  the  values  mi  =  ms  =  8,  m2  =  m3  =  m4  =  me  =  9  have  been  used.  The 
indices  have  to  take  similar  values  to  achieve  tha  same  accuracy  in  the  summations. 

The  use  of  non-localized  basis  functions  in  the  2D-MRTD  scheme  causes  significant  effects.  Lo¬ 
calized  boundary  conditions  are  impossible  to  be  implemented,  so  the  perfect  electric  boundary 
conditions  are  modelled  by  use  of  the  image  principle  in  a  generic  way.  The  implementation  of 
the  image  theory  is  performed  automatically  for  any  number  of  PEC,  PMC  boundaries.  The 
material  discontinuities  are  represented  in  terms  of  scaling  and  wavelet  functions  resulting  into 
a  linear  matrix  equation  as  explained  in  [1,  3]  where  this  technique  was  used  in  the  modeling  of 
anisotropic  dielectric  media.  In  addition,  the  total  value  of  a  field  component  at  a  specific  point 
of  the  mesh  is  a  summation  of  the  contributions  from  the  neighbooring  non-localized  scaling 
and  wavelet  functions.  The  field  values  at  the  neighbooring  cells  can  be  combined  appropriately 
by  adjusting  the  scaling  and  wavelet  function  vahies  and  by  applying  the  image  principle. 

The  demand  for  the  simulation  of  open  structures  led  to  the  generalization  of  the  perfectly 
matched  layer  (PML)  technique  [4],  so  as  it  can  be  used  in  the  MRTD  simulations.  The  con¬ 
ductivity  is  expanded  in  terms  of  scaling  functions  instead  of  pulse  functions  with  respect  to 


space.  The  amplitudes  of  the  expansion  scaling  functions  follow  the  PML  spatial  conductivity 
distribution.  In  our  simulations,  the  parabolic  distribution  was  used,  though  the  realization  of 
other  distributions  (linear,  cubic,  ...)  is  straightforward.  For  example,  if  we  assume  that  the 
PML  absorbing  material  (c,  p,  cr^)  extends  to  the  z-direction,  substituting 

(x,z,t)  =  .D(‘)*’*(x,2,t)e"'"w‘/‘ 

(1) 

and 

(2) 

for  i=4>,  V’,  leads  to  the  following  equation: 

dD^  _  dRy 
dt  dy 

(3) 

Following  a  procedure  similar  to  the  one  used  for  the  derivation  of  the  non-PML  region  equa¬ 
tions,  we  get  for  Dg  components 

A  ^  —  fn+fni  ni+fFi3 


»=m— m2 
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Af  »  /  m+W3  m+ms 
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The  finite-difference  equations  for  D^*’*^*  and  are  similar.  For  all  simulations,  a  parabolic 

distribution  of  the  conductivity  a  is  used  in  the  PML  region  (N  cells): 

for  m=0,l,..,N,  (4) 

with  or^  the  maximum  conductivity  at  the  end  of  the  absorbing  layer.  As  in  [5],  the  "magnetic” 
conductivity  is  given  by: 

E  H 

for  m=0,l,..,N,  (5) 

e  fi 

and  the  MRTD  mesh  is  terminated  by  a  perfect  electric  conductor  (PEC)  at  the  end  of  the 
PML  region.  This  PEC  is  modelled  by  applying  the  image  theory. 


Ill  Space/ Time  Adaptive  Meshing 

The  wavelet  components’  amplitudes  have  negligible  values  away  from  the  discontinuities  or  at 
regions  where  the  excitation  pulse  has  not  propagated  yet.  There  are  numerous  ways  of  taking 
advantage  of  the  above  feature.  The  simplest  one  is  to  threshold  the  wavelet  components  to  a 
fraction  (usually  <  0.1%)  of  the  scaling  component  at  the  same  cell  (space  adaptivity)  for  each 
time-step.  All  components  below  this  threshold  are  eliminated  from  the  subsequent  calculations 
for  the  same  time-step  (time  adaptivity).  This  procedure  offers  only  a  moderate  economy  in 
memory  (factor  close  to  2).  Also,  this  algorithm  allows  for  the  dynamic  memory  allocation  in 
its  programming  implementation,  while  maintaining  a  low  complexity. 

The  above  space-/time-  adaptive  meshing  scheme  is  applied  to  the  analysis  of  the  partially- 
loaded  parallel-plate  waveguide  of  (Fig.l)  for  the  frequency  range  0-22.5GHz.  The  waveguide  is 
half-filled  with  air  and  half-filled  with  dielectric  with  Cr  =  2.56.  An  FDTD 16  x  640  (10240  cells) 
mesh  and  an  MRTD  2  x  80  (160  cells)  mesh  (160  grid  points  with  dx  =  O.ISA,,,  dz  —  0.3Ao  - 
close  to  the  Nyquist  Limit  for  /  22.5GHz)  are  used  for  the  Time-Domain  simulations  (3,000 

time-steps).  The  160  grid  points  of  the  MRTD  mesh  express  the  number  of  the  used  scaling 
functions.  The  number  of  the  wavelets  is  varying  with  time  and  depends  on  the  predefined 
threshold.  For  consistency,  the  time  step  for  both  schemes  is  chosen  to  be  equal  to  the  1/8  of 
the  FDTD  maximum  At. 

The  waveguide  is  excited  with  a  Gabor  function  0-22.5GHz  along  a  vertical  line  for  the  FDTD 
simulation  and  for  a  rectangular  region  of  12  cells  to  the  longitudinal  direction  (due  to  the 
non-localized  character  of  the  Battle-Lemarie  scaling  and  wavelet  functions)  for  the  MRTD 
simulations.  Other  excitations  (e.g.Gaussian)  can  be  applied  i  a  straightforward  way.  For  both 
cases,  a  PML  region  of  16  cells  and  (7^s0.4S/m  absorbs  the  waves  in  the  front  and  back  open 
planes.  The  capability  of  the  MRTD  technique  to  provide  space-  and  time-  adaptive  gridding  is  - 
verified  by  thresholding  the  wavelet  components  to  the  0.1%  of  the  value  of  the  scaling  function 
at  the  same  cell  for  each  time-step.  The  accuracy  achieved  by  using  only  the  wavelets  with 
values  above  the  threshold  is  equal  to  what  would  be  if  wavelets  were  used  everywhere.  Though 
this  number  is  varying  in  time  ,  its  maximum  value  is  36  out  of  a  total  of  160  to  the  z-direction 
(economy  in  memory  by  a  factor  of  52  instead  of  32).  In  addition,  execution  time  is  reduced 
by  a  factor  4-5.  For  larger  thresholds,  the  ringing  effect  due  to  the  elimination  of  the  wavelets 
deteriorates  the  performance  of  the  algorithm.  For  example,  using  a  threshold  of  1%  (13  out  of 
a  160  wavelets  to  the  z-direction)  increases  the  error  by  a  factor  of  2.1. 

The  results  for  the  Refiection  Coefficient  for  10  GHz  are  validated  by  comparison  to  the  theoret¬ 
ical  value  |R|  =  0.231  (=(\/l56-1.0)/(v^-l-1.0)).  MRTD  gives  the  value  0.2296  and  FDTD 
gives  0.2304  (similar  accuracy).  The  normal  electric  field  is  probed  at  a  distance  10  cells  away 
from  the  source  and  is  plotted  in  (Fig.2)  in  time-domain.  Similar  accuracy  can  be  observed  for 


the  FDTD  and  the  MRTD  meshes. 

Fig.3  demonstrates  the  space-  and  time-adaptive  character  of  the  meshing  algorithm.  It  is 
clearly  shownw  that  the  wavelets  follow  the  propagating  exciation  pulse  before  and  after  the 
incidence  to  the  dielectric  interface  and  can  be  omitted  elsewhere.  The  location  and  the  number 
of  the  wavelet  coefficients  with  values  above  the  threshold  (’’effective  wavelets”)  are  different 
for  each  time-step,  something  that  creates  a  mesh  with  high  resolution  (’’dense”)  in  regions  of 
strong  field  variations,  while  maintaining  a  much  lower  resolution  ("coarse”)  for  the  rest  cells. 

IV  Conclusion 

A  simple  space-  and  time-  adaptive  meshing  algorithm  based  on  an  MRTD  scheme  has  been 
proposed  and  has  been  validated  for  a  parallel-plate  waveguide  problem.  The  electric  field  value 
and  the  reflection  coefficient  have  been  calculated  and  verified  by  comparison  to  reference  data. 
The  proposed  scheme  exhibits  memory  savings  by  a  factor  of  52  in  2D,  as  well  as  execution 
time  savings  by  a  factor  of  4-5,  while  maintaining  a  similar  accuracy  with  Yee’s  conventional 
FDTD  scheme.  In  addition,  this  algorithm  doesn’t  increase  the  programming  complexity  and 
can  be  effectively  extended  to  3D  problems. 
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Figure  3:  Space-/Time-  Adaptive  Meshing  Demonstration. 
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Abstract-  The  MRTD  scheme  is  applied  to  the 
analysis  of  waveguide  problems.  Specifically,  the  field 
pattern  and  the  S-parameters  of  a  dielectric-loaded 
paraUel-plate  waveguide  are  calculated.  The  use  of 
wavelets  enables  the  implementation  of  a  space-  and 
time-adaptive  gridding  tedmique.  The  results  are 
compared  to  those  obtained  by  use  of  the  conven¬ 
tional  FDTD  scheme  to  indicate  considerable  savings 
in  memory  and  computational  time. 

I  Introduction 

Recently  a  new  technique  has  been  successfully  ap¬ 
plied  [1-4]  to  a  variety  of  microwave  problems  and 
has  demonstrated  unparalleled  properties.  This  tech¬ 
nique  is  derived  by  the  use  of  multiresolution  analysis 
for  the  discretization  of  the  time-domain  Maxwell’s 
equations.  The  multiresolution  time  domain  tech¬ 
nique  (MRTD)  based  on  Battle  Lemarie  functions 
has  been  applied  to  linear  as  well  as  nonlinear  propa¬ 
gation  problems.  The  PML  absorbing  boundary  con¬ 
dition  has  been  generalized  in  order  to  analyze  open 
planar  structures.  MRTD  has  demonstrated  savings 
in  time  and  memory  of  two  orders  of  magnitude.  In 
addition,  the  most  important  advantage  of  this  new 
technique  is  its  capability  to  provide  space  and  time 
adaptive  gridding  without  the  problems  that  the  con¬ 
ventional  FDTD  is  encountering.  This  is  due  to  the 
use  of  two  separate  sets  of  basis  functions,  the  scal¬ 


ing  and  wavelets  and  the  capability  to  threshold  the 
field  coefficients  due  to  the  excellent  conditioning  of 
the  formulated  mathematical  problem. 

In  this  paper,  a  space/time  adaptive  gridding  algo¬ 
rithm  based  on  the  MRTD  scheme  is  proposed  and 
applied  to  the  waveguide  problems.  As  an  exam¬ 
ple,  the  propagation  of  a  Gabor  pulse  in  a  partially- 
filled  parallel-plate  waveguide  is  simulated  and  the 
S-parameters  are  evaluated.  Wavelets  are  placed  only 
at  locations  where  the  EM  fields  have  significant  val¬ 
ues,  creating  a  space-  and  time-  adaptive  dense  mesh 
in  re^ons  of  strong  field  variations,  while  maintain¬ 
ing  a  much  coarser  mesh  elsewhere. 

II  The  2D-MRTD  scheme 

For  simplicity  the  2D-MRTD  scheme  for  the  TMz 
modes  wiU  be  used  herdn.  To  derive  the  2D-MRTD 
scheme,  the  field  components  are  represented  by  a 
series  of  cubic  spline  Battle-Lemarie  [5]  scaling  and 
wavelet  functions  to  the  longitudinal  direction  in 
space  and  pulse  functions  in  time.  After  inserting 
the  field  expansions  in  Maxwell’s  equations,  we  sam¬ 
ple  them  using  pulse  functions  in  time  and  scal¬ 
ing/wavelet  functions  in  space  domain. 

As  an  example,  sampling  31)*/^,=  —  dHyfdz  in 
space  and  time,  the  following  difference  equation  is 
obtained 
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where  and  with  (scaling), V' 

(wavelets)  are  the  coeffidents  for  the  electric  and 
magnetic  field  expansions.  The  indices  l,m  and  k 
are  the  discrete  space  and  time  indices,  which  are 
related  to  the  space  and  time  coordinates  via  x  = 
fAx,2  =  mAz  and  t  =  ibAt,  where  As,Az  are  the 
space  discretization  intervals  in  x-  and  z-direction 
and  At  is  the  time  discretization  interval.  The  coefS- 
dents  a(t),  b{i),  c(t)  are  derived  and  pven  in  [2].  For 
an  accuracy  of  0.1%  the  values  mi  =  ms  =  8, m2  = 
m3  =  m4  =  me  =  9  have  been  used. 

For  open  structures,  the  perfectly  matdied  layer 
(PML)  technique  can  be  applied  by  assuming  that 
the  conductivity  is  pven  in  terms  of  scaling  and 
vravelet  functions  instead  of  pulse  functions  with  re¬ 
spect  to  space  [4].  The  spatial  distribution  of  the  con¬ 
ductivity  for  the  absorbing  layers  is  modelled  as¬ 
suming  that  the  amplitudes  of  the  scaling  functions 
have  a  parabolic  distribution.  The  MRTD  mesh  is 
terminated  by  a  perfect  electric  conductor  (PEC)  at 
the  end  of  the  PML  region.  Usually,  8-16  cells  of  PML 
medium  with  g'£..,=0.4S/m  provide  refiection  coef¬ 
fidents  smaller  than  -90  dB. 

In  order  to  use  a  pulse  exdtation  at  z  =  mAz  with 
respect  to  space  and  to  obtain  an  exdtation  identical 
to  an  FDTD  exdtation,  we  decompose  the  pulse  in 
terms  of  scaling^^diffiav^et 

4*4  4*4 
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where  the  coeffidents  c^{i),c^{i)  are  given  in  Table 
1  for  t  >  0.  For  t  <  0  it  is  c^(— »)  =  c^(*)  and 


Cv  (»)  =  Ci.(l  -»).  Er(0.kyt)  is  the  time  dependence 
of  the  excitation.  For  |i|  <  4,  the  above  excitation 
components  are  superimposed  to  the  field  values  ob¬ 
tained  by  the  MRTD  algorithm.  For  example,  the 
total  P''®" 

.  =-E^W0,1:A0  c^(.) + 

■  total 

Due  to  the  nature  of  the  Battle-Lemarie  expan¬ 
sion  functions,  the  total  field  is  a  summation  of 
the  contributions  from  the  non-localized  scaling  and 
wavelet  functions.  For  example,  the  total  electric  field 
Ex{xo,Zo,to)  with  {k-  1/2) At  <t„  <  {k  +  1/2)  At 

is  calculated  in  the  same  way  vnth  [2,  3]  by 
h 

h,i 

+  ^  ^  ^l'4-l/2(®o)  (^o) 

where  <t>„{x)  =  ^(^-m)  and  V»i,m(®)  =  V'i(^-»n) 
represent  the  Battle-Lemarie  scaling  and  i-resolution 
wavelet  function  respectively.  For  an  accuracy  of 
0.1%  the  values  li  =  l2,t  =  4  have  been  used. 

There  are  many  difierent  ways  to  take  advantage  of 
the  capability  of  the  MRTD  technique  to  provide 
space  and  time  adaptive  gridding.  In  DSP,  thresh¬ 
olding  of  the  wavelet  coeffidents  over  a  specific  time- 
and  space-  window  (5-10  points)  contribute  signifi¬ 
cant  memory  economy,  but  increase  the  implemen¬ 
tation  complexity  and  the  execution  time.  The  sim¬ 
plest  way  is  to  threshold  the  wavelet  components  to 
a  fraction  (usually  <  0.1%)  of  the  scaling  fimction 
at  the  same  cell  for  each  time-step.  All  components 
below  this  threshold  are  eliminated  firom  the  subse¬ 
quent  calculations.  This  is  the  simplest  threshold¬ 
ing  algorithm.  It  doesn’t  add  any  significant  over¬ 
head  in  execution  time,  but  it  offers  only  a  moderate 
(pessimistic)  economy  in  memory  (factor  dose  to  2). 
Also,  this  algorithm  allows  for  the  dynamic  memory 
allocation  in  its  programming  implementation. 

Ill  Applications  of  2D-MRTD 

The  2D-MRrD  scheme  is  applied  to  the  analysis 
of  the  partially-loaded  parallel-plate  waveguide  of 
(Fig.l)  for  the  frequency  range  0-30GHz.  For  the 
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analysis  based  on  Yee’s  FDTD  scheme,  a  16  x  800 
mesh  is  used  resulting  in  a  total  number  of  14400 
grid  points.  When  the  structure  is  analyzed  with  the 
2D-MRTD  scheme,  a  mesh  2  x  100  (200  grid  points) 
is  chosen  {dx  =  0.24Ao,  dz  =  0.4Ao  for  /  =  30GHz). 
This  size  is  based  on  the  number  of  the  scaling  func¬ 
tions,  since  the  wavelets  are  used  only  when  and 
where  necessary.  The  time  discretization  interval  is 
selected  to  be  identical  for  both  schemes  and  equal 
to  the  1/10  of  the  2D-MRTD  maximum  At.  For  the 
analysis  we  use  8,000  time-steps.  The  waveguide  is 
excited  with  a  Gabor  function  0-30GHz  along  a  ver¬ 
tical  line  for  the  FDTD  simulation  and  for  a  rectan¬ 
gular  region  for  the  MRTD  simulations.  In  all  cases, 
the  front  and  back  open  planes  are  terminated  with 
a  PML  region  of  16  cells  and  =0.4S/m.  The  lon¬ 
gitudinal  distance  between  the  excitation  and  the  di¬ 
electric  interface  is  chosen  such  that  no  reflections 
would  appear  before  the  Gabor  function  is  complete. 

The  capability  of  the  MRTD  technique  to  pro¬ 
vide  space  and  time  adaptive  gridding  is  verified  by 
thresholding  the  wavelet  components  to  the  0.1%  of 
the  value  of  the  scaling  function  at  the  same  cell  for 
each  time-step.  It  has  been  observed  that  the  accu¬ 
racy  by  using  only  a  small  number  of  wavelets  is  equal 
to  what  would  be  achieved  if  wavelets  were  used  ev- 
er3rwhere.  Though  this  number  is  varying  in  time, 
its  maximum  value  is  22  out  of  a  total  of  100  to 
the  z-direction  (economy  in  memory  by  a  factor  of 
28-30).  In  addition,  execution  time  is  reduced  by  a 
factor  4-5.  For  larger  thresholds,  the  ringing  effect 
due  to  the  elimination  of  the  wavelets  deteriorates 
the  performance  of  the  algorithm.  For  example,  us¬ 
ing  a  threshold  of  1%  (6  out  of  a  100  wavelets  to  the 
z-direction)  increases  the  error  by  a  factor  of  2.5. 

The  normal  electric  field  is  probed  at  a  distance  10 
cells  away  from  the  source  and  is  plotted  in  (Fig.2)  in 
time-domain.  Comparable  accuracy  can  be  observed 
for  the  FDTD  and  the  MRTD  meshes.  In  addition, 
the  reflection  coefficient  5ii  is  calculated  by  separat¬ 
ing  the  incident  and  the  reflected  part  of  the  probed 
field  and  taking  the  Fourier  transform  of  their  ra¬ 
tio  (Fig.3).  The  results  for  5  GHz  (TEM  propaga¬ 
tion)  are  validated  by  comparison  to  the  theoreti¬ 


cal  \‘alue  obtained  applying  ideal  transmission  line 
theoiy  [6]  and  are  plotted  at  Table  2.  The  time- 
and  space-adaptive  character  of  the  gridding  is  ex¬ 
ploited  in  {Figs.4,5)  w'hich  show  that  the  wavelets 
follow  the  propagating  pulses  before  and  after  the 
incidence  to  the  dielectric  interfaces  and  have  negli¬ 
gible  values  elsewhere.  The  location  and  the  number 
of  the  wavelet  coefficients  with  significant  values  are 
different  for  each  time-step,  something  that  creates  a 
dense  mesh  in  regions  of  strong  field  variations,  while 
maintaining  a  much  coarser  mesh  for  the  other  cells. 

IV  Conclusion 

A  space-  and  time-  adaptive  gridding  algorithm 
based  on  a  multiresolution  time-domain  scheme  in 
two  dimensions  has  been  proposed  and  has  been  ap¬ 
plied  to  the  numerical  analysis  of  a  waveguide  prob¬ 
lem.  The  field  pattern  and  the  refiection  coefficient 
have  been  calculated  and  verified  by  comparison  to 
reference  data.  In  comparison  to  Yee’s  conventional 
FDTD  scheme,  the  proposed  scheme  offers  memory 
savings  by  a  factor  of  5-6  per  dimension  maintain¬ 
ing  a  similar  accuracy.  The  above  algorithm  can  be 
effectively  extended  to  three-dimension  problems. 
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Abstract 

The  recently  developed  MRTD  schemes  are  used  for  the  development  of  a  time  adaptive  time- 
domain  technique  for  circuit  design.  The  new  technique  exhibits  considerable  savings  in  memory 
and  computational  times  in  comparison  to  the  conventional  FDTD  scheme. 

I  Introduction 

Significant  attention  is  being  devoted  now-a-days  to  the  analysis  and  design  of  various  types 
of  microwave  circuits.  The  finite-difference-time-domain  (FDTD)  scheme  is  one  of  the  most 
powerful  numerical  techniques  used  for  numerical  simulations.  However,  despite  its  simplicity 
and  modeling  versatility,  the  FDTD  scheme  suffers  from  serious  limitations  due  to  the  sub¬ 
stantial  computer  resources  required  to  model  electromagnetic  problems  with  medium  or  large 
computational  volumes.  In  addition,  the  FDTD  scheme  cannot  provide  the  accuracy  required 
for  computer  simulations  of  time-dependent  electromagnetic  interactions  in  electrically  long  re¬ 
gions  or  in  regions  which  contain  non-linear  materials.  Such  simulations  are  very  important  for 
integrated  device  modelling,  especially  in  relation  to  the  design  of  non-linear  photonic  devices. 
To  alleviate  these  problems  hybrid  combinations  of  FDTD  with  other  numerical  techniques  and 
higher  order  FDTD  schemes  based  on  Yee’s  grid  have  been  proposed.  MRTD  (MultiResolution 
Time  Domain  Method)  [1,  2]  has  shown  unparalled  properties  in  comparison  to  Yee’s  FDTD. 
MRTD  is  not  a  new  methodology.  It  is  a  correct  and  accurate  genersdization  of  the  conventional 
discretization  approaches.  It  provides  the  correct  mathematical  frame  for  solving  problems  in 
time  domain  and  allows  for  the  development  of  time/space  adaptive  grids. 

II  Introduction  to  MRTD 

It  is  well  known  that  the  method  of  moments  provides  a  mathematically  correct  approach  for 
the  discretization  of  integral  and  partial  differential  equations.  Since  it  allows  for  the  use  of 
any  complete  and  orthonormal  set,  the  choice  of  an  appropriate  expansion  set  may  lead  to 
different  time  domain  schemes.  For  example,  the  expansion  of  the  unknown  fields  using  pulse 


functions  leads  to  ^’ec's  FDTD  scheme.  In  a  MRTD  scheme  the  fields  are  represented  by  a  two¬ 
fold  expansion  in  scaling  and  wavelet  functions  with  respect  to  time/space.  Scaling  functions 
guarantee  a  correct  modelling  of  smoothly-varying  fields.  In  regions  characterized  by  strong  field 
variations  or  field  singularities,  higher  resolution  is  enhanced  by  incorporating  wavelets  in  the 
field  expansions.  Wavelets  are  introduced  only  at  specific  locations,  allowing  for  a  time/space 
adaptive  grid  capability. 

MRTD  schemes  based  on  cubic  spline  Battle- Lemarie  scaling  and  wavelet  functions  (Fig.l)  have 
been  successfully  applied  to  the  simulation  of  2D  and  3D  open  and  shielded  problems  [1,  2,  3, 4]. 
The  functions  of  this  family  do  not  have  compact  support,  thus  the  MRTD  schemes  have  to 
be  truncated  with  respect  to  space.  Localized  boundary  conditions  (PECs,  PMCs  etc.)  and 
material  properties  are  modelled  by  use  of  the  image  principle  and  of  matrix  equations  respec¬ 
tively.  However,  this  disadvantage  is  offset  by  the  low-pass  (scaling)  and  band-pass  (wavelets) 
characteristics  in  spectral  domain,  allowing  for  an  a  priori  estimate  of  the  number  of  resolu¬ 
tion  levels  necessary  for  a  correct  field  modelling.  In  addition,  the  evaluation  of  the  moment 
method  integrals  during  the  discretization  of  Maxwell’s  PDEs  is  simplified  due  to  the  existence 
of  closed  form  expressions  in  spectral  domain  and  simple  representations  in  space  domain.  Dis¬ 
persion  analysis  of  this  MRTD  scheme  shows  the  capability  of  excellent  accuracy  with  up  to  2 
points/wavelength  (Nyquist  Limit).  However,  specific  circuit  problems  may  require  the  use  of 
functions  with  compact  support.  For  that  reason,  Haar  basis  functions  have  been  utilized  and 
have  led  to  (5].  As  an  extension  to  this  approach,  intervalic  wavelets  of  higher  order  may  be 
incorporated  into  the  solution  of  SPICE-type  circuits.  Results  from  that  new  technique  will  be 
shown  at  the  Conference. 


Ill  Time  Adaptive  MRTD  Scheme 

The  major  advantage  of  the  use  of  Mutiresolution  analysis  to  time  domain  is  the  capability  to 
develop  time  and  space  adaptive  schemes.  This  is  due  to  the  property  of  the  wavelet  expansion 
functions  to  interact  weakly  and  allow  for  a  spatial  sparsity  that  may  vary  with  time  through 
a  thresholding  process.  The  adaptive  character  of  this  technique  is  extremely  important  for 
the  accurate  modelling  of  sharp  field  variations  of  the  type  encountered  in  beam  focusing  in 
nonlinear  optics,  etc.  The  use  of  the  principles  of  the  multiresolution  analysis  for  adaptive  grid 
computations  for  PDEs  has  been  suggested  by  Perrier  and  Basdevant  [6].  To  understand  the 
fundamental  steps  of  such  an  adaptive  scheme  for  Maxwell’s  hyperbolic  system,  let’s  consider 
Maxwell’s  equations  in  2D  (1  for  space  and  1  for  time): 


du  . .. 


0 

0 

After  manipulation,  the  above  equation  can  be  written  as 


(1) 


i  =  0 


(2) 


Mil  = 


TlD.. 


(TlD, 

ZjD,  ^ZlD, 


where  Zf„Tit  are  half  shift  operators  for  space  and  time  coordinates  z,t  and  are  their 

Hermitian  conjugates.  Di,  are  difference  operators  given  by: 

A  =  ^(  E  a«(>)r-‘+  "t  n*,(f)r-').  D,  =  ^  o,.(i)Z-+  E  o„,(i)Z-)  .  (3) 

i— *"*9  1— ““9  I— ~9  I— ”“9 

where  a^,a^  are  the  coefficients  associated  with  the  scalar  and  the  wavelet  functions  respec¬ 
tively.  At  each  time  step  we  keep  both  the  wavelet  field  values  that  are  larger  than  a  given 
threshold  as  well  as  the  adjacent  values.  An  adjacent  wavelet  field  value  is  defined  on  the  basis 
of  the  wavelet  resolution  level  (s)  incorporated  in  the  solution.  Recently,  an  efficient  space/time 
adaptive  meshing  prosedure  was  proposed  [7]  for  Battle-Lemarie  expansion  functions.  In  this 
paper,  intervalic  wavelets  are  used  for  the  expansion  of  the  fields  (Fig.2).  The  adaptive  mesh  will 
be  applied  to  a  variety  of  circuit  problems  and  results  will  be  discussed  during  the  presentation. 


IV  Conclusion 

A  Time  Adaptive  Time-Domain  Technique  based  on  intervalic  wavelets  has  been  proposed  and 

applied  to  various  types  of  circuits  problems  with  lumped  and  distributed  elements.  This  scheme 

exhibits  significant  savings  in  execution  time  and  memory  requirements  while  maintaining  a 

similar  accuracy  with  conventional  circuit  simulators. 
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I  Introduction 

The  Multiresolution  Time  Domain  (MRTD)  Technique  based  on  cubic-spline  Battle  Lemarie 
scaling  and  wavelet  functions  has  shown  successful  application  to  a  variety  of  microwave  prob¬ 
lems  and  has  demonstrated  unparalleled  properties  in  terms  of  memory  and  execution  time 
by  one  and  two  orders  of  magnitude  respectively.  This  technique  is  used  to  model  open  and 
shielded  propagation  problems  [1,  3]  and  non-linear  optical  applications  [2].  In  addition  to  time 
and  memory,  the  most  important  advantage  of  this  new  technique  is  its  capability  to  provide 
space  and  time  adaptive  meshing  without  the  problems  encountered  by  the  conventional  Finite 
Difference  Time  Domain(FDTD)  [4]  method.  In  this  paper,  an  efiScient  non-split  formulation 
of  the  PML  absorber  [5]  for  the  Battle-Lemarie  based  MRTD  scheme  is  presented.  This  formu¬ 
lation  is  validated  and  applied  in  the  analysis  of  a  two-dimensional  parallel-plate  waveguide 
geometry  offering  a  numerical  coefficient  of  reflection  below  -90dB.  Additionally,  examples  for 
a  three-dimensional  patch  antenna  geometry  are  given. 


II  Derivation  of  the  MRTD  equations  for  the  PML  layer 


Without  loss  of  generality,  the  PML  Absorber  equations  will  be  presented  for  a  homogeneous 
medium  for  TM  propagation  in  2D.  The  Absorber  formulation  for  TE  propagation  is  straight¬ 
forward.  Assuming  that  the  PML  area  is  characterized  by  (co,^o)  and  electric  and  magnetic 
conductivities  (<7^,<Tjy),  the  TM  equations  can  be  written 


IT 

dEz 


dHy 

(1) 

_  If 

dz 

dHy 

(2) 

dx 

dEz  dEz 

(3) 

dx  dz 

PML  cells  only  to  the  z-direction  are  considered.  Equations  for  PML  cells  in  the  x-  and  y- 
directions  can  be  derived  in  a  similar  way.  For  each  point  z  of  the  PML  area,  the  magnetic 
conductivity  <7^  needs  to  be  chosen  as  [5]: 

^  oh{z)  . 

Co  Mo 

for  a  perfect  absorption  of  the  outgoing  waves.  A  parabolic  spatial  distribution  of  oe,h^ 

<^e,h{z)  =  <7^(1  -  ,  with  p=2  for  0  <  2  <  <5  =  PML  thickness  (5) 

is  used  in  the  simulations,  though  higher  order  distributions  (e.g.Cubic  p=3)  can  give  similar 
results.  The  PML  area  is  terminated  with  a  PEC  and  usually  has  a  thickness  varying  between 
4-16  cells.  The  maximum  value  is  determined  by  the  designated  reflection  coefficient  R  at 
normal  incidence,  which  is  given  by  the  relationship 

R  =  e~^Je  .  (6) 

The  electric  and  magnetic  field  components  incorporated  in  these  equations  are  expanded  in  a 
series  of  Battle-Lemarie  scaling  and  wavelet  functions  in  both  x-  and  z-directions.  For  example. 
Eg  can  be  represented  as: 


Ex{x,z,t)  — 


+ 

+ 
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+00 

00 

+00 

i  kji,mss-~oo 

i  kJL^mss^oo 

tj  ms-00 


(7) 


where  —  m)  and  ^  represent  the  Battle-Lemarie  scaling 

and  i-th  order  resolution  wavelet  function  respectively  in  space  and  Ajb(t)  represent  rectangular 
pulses  in  time.  and  *+1/2^3^*'  with  k  =  x,y,z  and  fi,u  =  axe  the  coefficients  for 

the  field  expansions  in  terms  of  scaling  and  wavelet  functions.  The  indices  I,  m  and  k  are  the 
discrete  space  and  time  indices  related  to  the  space  and  time  coordinates  via  x  =  lAx,z  =  mAz 
and  t  =  kAt,  where  Ax,Az  are  the  space  discretization  intervals  in  x-  and  z-direction  and  At  is 
the  time  discretization  interval.  For  an  accuracy  of  0.1%  the  above  summations  are  truncated 
to  16-24  terms.  For  simplicity,  expansion  only  in  scaling  functions  will  be  considered.  Wavelets 
are  implemented  in  a  similar  way.  Upon  inserting  the  field  expansions.  Maxwell’s  equations 


are  sampled  [3]  using  pulse  functions  as  time-domaun  test  functions  and  scaling  functions  as 
space-domain  test-functions  and  the  following  non-split  formulation  of  the  fields  for  the  PML 
region  is  derived: 


t'=fn-9 


,'=m-9 

M\m+l/2  -  e  k^l,m+l/2 


+  e 


1  H8 


+  e 


1  1 

1  £  -SZ.T. 

'  t'ss/— >9  t's=in— 9 


where  the  terms  cr^  ^  are  given  by  Eq.(12). 

A  parallel-plate  waveguide  of  width  d=48  mm,  terminated  at  both  ends  by  PML,  is  used  to 
vaUdate  the  proposed  algorithm.  A  TM  source  with  a  Gabor  time  variation  is  excited  close  to 
one  side  of  the  waveguide.  The  benchmark  MRTD  solution  with  no  reflections  is  obtained  by 
gimnlftt.ing  the  casc  of  a  much  longer  parallel-plate  waveguide  of  the  same  width  to  provide  a 
reflection-free  observation  area  for  the  time  interval  of  interest.  A  quadratic  variation  in  PML 
conductivity  is  assumed  for  all  cases,  with  maximum  theoretical  reflection  coefficient  of  10“®  at 
normal  incidence.  Numerical  reflection  is  observed  for  the  frequency  range  [0, 0.9/^  *]  (TEM 
propagation)  where  {GHz)  is  the  cutoff  frequency  of  the  TMi  mode.  It 

o«.Ti  be  seen  from  Figs.(l)“(2)  that  for  8  PML  cells  and  (t^®*=0.4  S/m  it  is  S\\  <-65  dB  and 
for  16  PML  cells  and  a^=0.2  S/m  the  reflection  is  smaller  than  -91  dB.  Thus,  the  non-split 
PML  absorber  can  be  used  effectively  in  the  simulation  of  antennas  and  active  elements  using 
MRTD. 


Ill  Application  of  PML  to  the  Analysis  of  Antenna  Ge¬ 
ometries 

MRTD  can  successfully  model  both  planar  circuits  [6]  and  resonating  structures  [7].  Recently 
the  techniques  developed  for  the  simulation  of  both  structures  are  combined  to  model  a  three- 
dimensional  patch  antenna  geometry  [8].  Full  three-dimensional  MRTD  analysis  is  used,  with 
PML  expanded  through  three  coordinate  directions.  The  procedure  to  derive  an  equation  for  the 


At 

PML  cells  along  z 

^moT 

FDTD  (60  X  100  x  16) 

1.3297 -lO-'^s 

6 

3.0 

3.0 

3.0 

MRTD(30  X  50  X  9) 

1.6008-  10-*35 

2-6 

3.0 

3.0 

11.53 

MRTD  (20  X  20  X  9) 

1.3297  •  lO-i^s 

6-10 

3.0 

3.0 

11.53 

Table  1:  Computational  Parameters. 


three-dimensional  MRTD  scheme,  with  PML  along  all  three  coordinate  directions  is  presented 
in  [8]. 

The  patch  antenna  used  in  our  simulations  has  the  dimensions  12.457nm  x  16mm,  with  a 
microstrip  line  20  mm  long  used  as  a  feed.  A  Gaussian  pulse  4  mm  from  the  PML  layer  is  used 
to  excite  the  microstrip.  The  substrate  has  a  thickness  of  0.794  nun  and  a  relative  dielectric 
constant  equal  to  1.  An  FDTD  mesh  of  60  x  100  x  16  is  compared  to  MRTD  grids  of  30  x  50  x  9 
and  20  X  20  X  9,  which  exhibit  savings  of  memory  over  FDTD  on  the  order  of  7.22  and  33 
respectively.  Note  that  these  values  do  not  include  the  PML  layers.  Figure  3  shows  a  comparison 
plot  of  calculated  Su  data  for  the  three  cases  listed  above.  Six  cells  of  PML  are  added  along 
the  ±x,  ±y  and  +z  directions  with  <7^^^  =  =  3.0  and  =  11.53  for  all  cases.  The  time 

discretization  interval  used  for  the  MRTD  30  x  50  x  9  scheme  is  At  1.6008  *  10~^^5  while  the 
MRTD  20  X  20  X  9  scheme  uses  a  time  discretization  interval  of  At  =  1.42384  •  10“^®s.  FDTD 
uses  a  time  discretization  interval  of  At  =  1.3297  •  lO'^^s.  In  all  three  cases  the  simulation  is 
performed  for  10000  time  steps.  This  information  is  summarized  in  Table  1. 

Figure  4  shows  a  comparison  of  Su  data  for  different  numbers  of  z-directed  PML  layers  for  an 
MRTD  discretization  of  30  x  50  x  9.  Note  that  the  values  correlate  very  well  even  for  only 
2  PML  layers  in  the  z-direction.  Figure  4  shows  a  comparison  of  5ii  data  for  different  numbers 
of  z-directed  PML  layers  for  an  MRTD  discretization  of  20  x  20  x  9.  Once  again  the  values  of 
5ii  show  good  correlation. 

IV  Conclusion 

An  efficient  PML  absorber  in  non-split  formulation  is  presented  for  the  MRTD  Scheme  based 
on  cubic  spline  Battle-Lemarie  scaling  functions.  This  absorber  is  used  effectively  to  model 
an  antenna  geometry  providing  extremely  small  numerical  reflections.  In  comparison  to  Yee’s 
conventional  FDTD  scheme,  the  proposed  MRTD  scheme  coupled  with  the  PML  absorber 
offer  memory  savings  by  a  factor  of  12-30  and  execution  time  savings  by  a  factor  of  about 
3-5  maintaining  a  better  accuracy  for  S-parameter  calculations.  For  structures  where  the  edge 
effect  is  prominent,  additional  wavelets  can  be  used  to  improve  the  accuracy  when  using  a 


coarse  MRTD  mesh. 
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Figure  1:  8  PML  cells. 
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Figure  2:  16  PML  cells. 


Figure  3:  5ii  comparison  plots  for  a  patch  antenna 


Figure  4:  MRTD(30  x  50  x  9)  5ii  plot  for  varying  PML  layers  in  the  z-direction 


Figure  5:  MRTD(20  x  20  x  9)  Su  plot  for  varying  PML  layers  in  the  z-direction 
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Abstract-  The  MRTD  scheme  is  applied  to  the 
modeling  of  nonlinear  circuits.  Specifically,  the  im¬ 
plementation  of  passive  and  active  elements  is  dis¬ 
cussed.  The  results  are  compared  to  those  obtained 
by  use  of  the  commercial  CADs  to  indicate  consider¬ 
able  savings  in  memory  and  computational  time. 

I  Introduction 

Recently,  the  use  of  multiresolution  snslysls  for  the 
discretization  of  the  time-domain  Maxwell’s  equa¬ 
tions  has  led  to  the  development  of  the  Multireso¬ 
lution  Time  Domain  Technique  (MRTD).  This  tech¬ 
nique  has  been  applied  to  linear  as  well  as  nonlinear 
propagation  problems  and  has  demonstrated  savings 
in  time  and  memory  of  two  orders  of  magnitude.  In 
addition,  the  most  important  advantage  of  this  new 
technique  is  its  capability  to  provide  a  very  effective 
way  for  space  and  time  adaptive  gridding  without  en¬ 
countering  the  problems  that  the  conventional  FDTD 
has  to  resolve. 

In  this  paper,  an  algorithm  to  model  nonlinear  cir¬ 
cuits  using  the  MRTD  scheme  is  proposed  and  ap¬ 
plied  to  diode  problems.  As  an  example,  the  har¬ 
monic  analysis  of  a  diode  enclosed  in  a  metallic  shield 
and  terminated  with  lumped  resistors  is  performed 
and  a  simple  stripline  mixer  circuit  using  the  same 
diode  is  analyzed. 

II  The  MRTD  scheme 

To  derive  the  MRTD  scheme,  the  field  components 
are  expanded  in  a  series  of  cubic  spline  Battle- 
Lemarie  [1,  2]  scaling  and  wavelet  functions  in  space 


and  pulse  functions  in  time.  The  MRTD  equations 
are  derirad  by  applying  the  Method  of  Moments  to 
the  Maxwell’s  equations  after  inserting  the  field  ex- 
pansions. 

For  open  structures,  the  perfectly  matched  layer 
(PML)  technique  can  be  applied  by  assuming  that 
the  conductivity  is  given  in  terms  of  scaling  and 
wavelet  functions  instead  of  pulse  fimetions  with  re¬ 
spect  to  space  [3].  The  MRTD  mesh  is  terminated 
by  a  perfect  electric  conductor  (PEC)  at  the  end 
of  the  PML  region.  Unlike  the  FDTD,  where  the 
consistency  with  the  image  theory  is  implicit  in  the 
application  of  the  boundary  conditions,  the  entire- 
domain  nature  of  the  wavelet  and  scaling  functions 
requires  an  explicit  use  of  the  boundary  conditions. 
In  particular,  image  theory  has  to  be  applied  for  the 
evaluation  of  the  field  component  coefficients  in  the 
vicinity  of  Perfect  Electric  and  Magnetic  Walls.  Due 
to  the  nature  of  the  Battle-Lemarie  expansion  func¬ 
tions,  the  total  field  is  a  summation  of  the  contri¬ 
butions  from  the  non-localized  scaling  and  wavelet 
functions. 

Ill  Lumped  Elements 

Similarly  to  LE-FDTD  technique  [4],  the  basis  of 
the  algorithm  is  given  by  a  particular  interpreta¬ 
tion  of  the  current  density  term  contained  in  the 
Curl{H)  Maxwell’s  equation.  Let’s  assume  for  the 
-  rest  of  the  discussion  that  all  the  lumped  elements 
are  z-oriented. 

+  (1) 
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The  current  term  can  be  considered  as  the  superposi¬ 
tion  of  two  separate  terms,  one  coming  from  the  finite 
conductivity  of  the  medium  J;  and  the  other  com¬ 
ing  from  the  presence  of  a  lumped  element  .  Eq.  ( 1 ) 
leads  to  the  following  general  updating  expression  for 
the  Enfield  S-MRTD  (Scaling-fun ctions-based)  coef¬ 
ficients: 


At 


p^z 


2 -{VxH) 

J^z 


where  an  ideal  dielectric  medium  with  a  =  0  has  been 
assumed.  The  discretization  of  the  last  term  can  be 
obtained  by  expressing  the  constitutive  relationship 
of  the  related  device  in  terms  of  electric  field  and 
current  density  (instead  of  V-I  relation  as  usual). 

Since  the  field  components  are  expanded  in  pulses  in 
the  time-domain,  the  time  discretization  of  the  J-E 
relation  of  the  lumped  devices  is  straightforward  and 
similar  to  FDTD. 


III.l  Resistor 

Assuming  that  the  resistor  is  z-oriented  and  a  pos¬ 
itive  voltage  (with  respect  to  the  z-axis)  is  applied, 
we  have: 


Vz  =  -AzEz  ,  =  J^AxAy 


Since  the  current  flow  due  to  a  positive  voltage  is 
negative  with  respect  to  the  z-axis,  Ohm's  Law  can 
be  written  in  the  following  form: 
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By  discretizing  equations  1  and  2  accordingly  to  the 
S-MRTD  scheme  and  assuming  that  no  current  den¬ 
sity  is  supported  by  the  medium  we  obtain: 
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III.2  Capacitor 

The  I-\'  Law  of  the  capacitor  is: 


l(t)  =  C 


dt 


Expanding  the  E-  and  H-  components  in  scaling  func¬ 
tions  in  space  and  pulses  in  time  and  applying  the 
Moments  Method,  the  capacitor  can  be  described  by 
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where  the  coeflBdent  B  is  given  by: 


B  = 


e  +  C 


Ax 
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III.3  Inductor 


The  constitutive  relation  of  the  inductor  is: 

I(t)  =  L  J  V{t)dt 

Following  the  same  procedure  described  for  the  re¬ 
sistor  and  the  capacitor  we  obtain: 
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where  the  coefficients  ^4,  £,  C  are  given  by: 

A-  ^  i  T> -  r-J_ 
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III.4  Diode  with  Junction  and  Diffu¬ 
sion  Capacitances 

According  to  the  model  adopted  in  [5],  the  equivalent 
circuit  of  the  diode  includes  both  the  non  linear  junc¬ 
tion  and  diffusion  capacitances  {Cdi{Vd)  and  Cj{Vd)) 
and  the  total  current  can  be  expressed  as: 


Id  =  Ij  +  ICti  +  ICi 
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with 


I,  =  lo  -  l) 

ic..  =  cM)^  ,  /c,=c>ra^ 

In  the  above  equations  K  is  the  Boltzmann  constant, 
T  is  the  absolute  temperature,  lo  is  the  inverse  satu¬ 
ration  current  of  the  diode  and  r?  is  the  ideality  factor 
that  will  be  omitted  in  the  rest  of  the  discussion.  The 
two  non  linear  capacitances,  in  turn,  are  modeled  by 
the  following  equations: 

Cj{Va)  =  Cj(0)  ^1  -  if  Vi  >  Fc^ 

=  +  "*  xfViKFM 

where  F2,  Fa  are  suitable  coeffidents,  m  is  the 
doping  profile  coeffident  (usually  0.5  for  abrupt  junc¬ 
tion),  <l>o  is  the  built-in  voltage  and  Cj{Q)  is  the  static 
capadtance  at  =  0. 

The  current  equations  are  discretized  in  a  similar  way 
with  the  other  lumped  elements  and  two  E-field  tran- 
scedental  equations  are  derived  for  Vi  <  Fe^  and 
Vi  >  Fe(t>0‘  These  equations  can  be  solved  in  an  iter¬ 
ative  procedure  (e.g.  Newton-Raphson  algorithm). 

rv  Applications  of  Nonlinear 
MRTD 

The  modeled  Scbottky  GaAs  diode  has  the  follow¬ 
ing  parameter  values:  /o  =  5.c  —  11  A,  17  =  1.25, 
Rt  =  13  n,  Cj{Q)  =  .29pF,  Td  =  0,  m  =  0.5,  Fc  =  .5 
For  the  analysis  of  the  testing  structure  of  Fig.(l), 
we  have  set  up  a  mesh  of  8  x  30  x  6  cells  with  a  cell 
size  equal  to  30  x  60  x  30  /xm  (60  fitn  is  A/10  at 
about  135  GHz).  The  same  structure  has  been  also 
analyzed,  for  comparison,  with  FDTD  method.  This 
analysis  has  been  performed  by  adopting  two  differ¬ 
ent  meshes:  the  same  mesh  described  before  and  a 
doubled  mesh  with  the  dimension:  16  x  60  x  12  and 
A/10  at  about  270  GHz.  The  structure  has  been  ex¬ 
cited  at  the  center  with  an  impressed  current  source 
window.  A  sine-wave  with  a  frequency  of  45  GHz 
has  been  used,  while  a  probe  at  the  center  of  the 


structure  has  been  considered.  Figures  (2), (3)  and 
(4)  show  the  results  obtained  with  the  coarse  FDTD, 
the  finer  FDTD,  and  the  MRTD  respectively.  The 
MRTD  simulation  has  adopted  the  same  mesh  used 
in  the  coarsest  FDTD  analysis.  The  good  agreement 
between  the  FDTD  simulation  with  the  fine  mesh 
and  the  MRTD  one,  together  with  the  fairly  different 
results  obtained  with  the  coarse  mesh  FDTD  analy¬ 
sis,  put  at  the  evidence  the  capability  of  the  MRTD 
to  better  predict  the  frequency  behavior  of  this  non 
linear  circuit.  In  particular,  it  is  evident  that  with 
a  coarse  mesh,  MRTD,  in  contrast  to  FDTD,  can 
detect  the  harmonic  null  due  to  the  location  of  the 
probe  in  the  middle  of  the  structure  (in  this  posi¬ 
tion,  in  theory,  no  even  harmonic  mode  should  be 
detected). 

Figure  (5)  shows  the  geometry  of  a  stripline  single- 
ended  mixer,  which  is  analyzed  by  use  of  MRTD.  The 
used  Schottky  diode  has  the  characteristics  described 
above  and  is  zero  biased  for  simplicity.  The  LO  and 
RF  excitation  signals  have  fr^uencies  43  GHz  and 
45  GHz  and  powers  20  dBm  and  -20  dBm  respec¬ 
tively.  The  left  (short-circuited)  stub  with  length 
900  fan  is  used  as  an  IF  signal  block  and  the  right 
(open-circuited)  stub  with  length  1640  fan  blocks 
the  LO/RF  signals  at  the  output  section.  For  this 
configuration,  MRTD  gives  a  conversion  loss  of  -8.1 
dB.  LIBRA,  a  commercial  'EM  simulator,  c:alculates 
the  conversion  loss  at  -8.8  dB.  In  addition,  (Table  1) 
shows  that  the  relative  output  power  of  the  harmon¬ 
ics  gets  similar  values  for  MRTD  and  LIBRA  simu¬ 
lations.  These  results  emphasize  the  inherent  capa¬ 
bility  of  MRTD  to  describe  efficiently  the  nonlinear 
elements,  which  create  a  discrete  but  infinite  spec¬ 
trum.  Moreover,  the  MRTD  allows  for  a  time  adap¬ 
tive  scheme  which  offers  significant  computational 
profit  due  to  the  iterative  algorithm  for  the  solution 
of  the  nonlinear  equations.  It  has  to  be  pointed  out 
that  LIBRA  can  give  reliable  results  only  for  qua¬ 
sistatic  geometries  such  as  Figure  (5).  On  the  con¬ 
trary,  MRTD  can  simulate  efficiently  structures  with 
multimodal  propagation  without  the  huge  memory 
requirements  of  the  conventional  FDTD  schemes. 
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T^ble  1;  Harmonics  Power  Distribution  [dBm] 


Freq  [GHz] 

2 

41 

43 

45 

88 

LffiRA 

-28.8 

-56.1 

-33.2 

-40.1 

-36.3 

MRTD 

-28.1 

-54.7 

-31.4 

-38.2 

-34.7 

V  Conclusion 

An  algorithm  for  the  modeling  of  liunped  elements 
with  the  MRTD  scheme  based  on  the  Battle-Lemarie 
basis  has  been  proposed  and  has  been  applied  to 
the  numerical  analysis  of  a  diode  problem.  The  fre¬ 
quency  spectrum  has  been  calculated  and  verified  by 
comparison  to  reference  data.  In  comparison  to  Yee’s 
conventional  FDTD  scheme,  the  proposed  scheme  of¬ 
fers  memory  savings  by  a  factor  of  2-6  per  dimension 
maintaining  a  similar  accuracy. 
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Figure  1:  Diode  Test  Structure. 


Figure  2:  FDTD  coarse  mesh. 


Figure  3:  FDTD  fine  mesh. 


Figure  4:  MRTD  coarse  mesh. 
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Figure  5:  Mixer  Geometry. 
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Abstract-  The  MRTD  scheme  is  applied  to  the  anal¬ 
ysis  of  evanescent  waveguide  filters.  Specifically,  a 
space  adaptive  algorithm  in  3  dimensions  is  imple¬ 
mented  by  thesholding  the  wavelet  values.  The  re¬ 
sults  are  compared  to  those  obtained  by  use  of  the 
conventional  FDTD  to  indicate  considerable  savings 
in  memory  and  computational  time. 

1  Introduction 

The  Space  Adaptive  Gridding  [1],  based  on  the  ap¬ 
plication  of  the  Multiresolution  Analysis  principles 
to  the  discretization  of  the  time-domain  Maxwell’s 
equations  [2, 3],  has  been  employed  in  the  analysis  of 
linear  and  nonlinear  structures.  It  has  ofiered  signif¬ 
icant  savings  in  memory  and  execution  time  require¬ 
ments.  The  application  of  the  wavelets  improve  the 
conditioning  of  the  simulating  algorithm  and  allow 
for  a  space  adaptive  grid  by  thresholding  the  wavelet 
coefficients.  This  adaptivity  is  useful  especially  in 
evanescent  mode  structures  that  require  time-domain 
simulations  for  a  large  time  span  in  order  to  take  into 
consideration  the  slow  wave  propagation. 

In  this  paper,  a  space  adaptive  grid  is  applied  for 
the  analysis  of  evanescent-mode  waveguide  bandpass 
filters  [4,  5,  6].  These  structures  have  found  many 
applications  in  satellite  communication  s)rstems,  as 
preselectors  or  in  multiplexers,  due  to  several  ad¬ 
vantages  over  the  conventional  coupled  resonator  fil¬ 
ters,  such  as  compactness  and  wide  stopbands.  The 
S-parameters  of  one  specific  geometry  are  calculated 
and  compared  to  results  obtained  by  the  conventional 
FDTD. 


II  The  MRTD  scheme 

The  3D-MRTD  scheme  can  be  derived  by  repre¬ 
senting  the  field  components  as  a  series  of  cubic 
spline  Battle-Lemarie  scaling  and  viravelet  functions 
in  space-dommn  and  pulse  function  in  time.  Applying 
the  Method  of  Moments  to  the  Maxwell’s  equations 
results  in  the  MRTD  equations.  Generally,  the  fea¬ 
tures  of  the  3D-MRTD  algorithm  are  similar  to  those 
of  the  2D-MRTD  algorithm.  Nevertheless,  there  are 
some  differences  as  far  as  it  concerns  the  implemen¬ 
tation  of  the  excitation  and  of  the  PML  absorber. 

In  order  to  use  a  pulse  excitation  with  respect  to 
space  at  a  specific  grid  point  for  a  2D  geometry 
and  to  obtain  an  excitation  identical  to  that  used  by 
FDTD,  the  pulse  is  decomposed  in  terms  of  scaling 
and  wavelet  functions  on  a  square  surface  around  the 
exdtation  point.  For  the  3D-MRTD  algorithm,  this 
decomposition  takes  place  in  a  cubic  volume  around 
this  point,  since  the  excitation  affects  the  amplitudes 
of  the  scaling  and  the  wavelet  function  in  all  3  direc¬ 
tions.  It  has  been  observed  that  4  cells  along  each 
direction  around  the  excitation  point  provide  an  ac¬ 
curate  representation  of  the  source  for  most  cases. 

The  maximum  allowable  time  step  required  for  the 
stability  of  3D-MRTD  algorithms  has  to  contain  the 
effect  of  all  three  space  discretizations.  For  a  sum¬ 
mation  stencU  of  9  terms  per  direction  and  for  0- 
resolution  wavelet  expansion  it  takes  the  value 


^/l/(Ai)2  -I-  l/(Ay)2  +  1/(A2)2 

where  c  is  the  velocity  of  light.  For  larger  stencils,  the 
maximmn  value  of  the  time  step  takes  lower  values. 
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The  size  of  the  stencil  affects  significantly  the  dis* 
persion  characteristics  of  the  used  algorithm.  Larger 
stencil  for  the  summations  including  scaling  func¬ 
tions  coefficients  improves  the  phase  error  perfor¬ 
mance  for  medium  and  high  sampling  rates  (dis¬ 
cretization  size  <  A/ 10).  Increasing  the  stencil  size 
in  summations  of  wavelet  functions  coefficients  offers 
a  better  dispersion  performance  for  lower  sampling 
rates  (between  A/2.2  and  A/5).  In  our  simulations, 
the  used  stencil  size  has  had  the  value  of  9  for  a 
phase  error  smaller  than  1®  for  most  discretizations. 

The  use  of  the  non-localized  Battle-Lemarie  basis 
functions  causes  significant  effects.  Localized  bound¬ 
ary  conditions  are  impossible  to  be  directly  imple¬ 
mented,  80  perfect  electric  and  magnetic  boundary 
conditions  are  modelled  by  use  of  the  image  princi¬ 
ple  in  a  generic  way.  The  implementation  of  image 
theory  in  3  dimensions  is  performed  automaticaUy 
for  any  number  of  PEC,  PMC  boimdaries. 

Due  to  the  nature  of  the  Battle-Lemarie  expansion 
functions,  the  total  field  is  a  summation  of  the  con¬ 
tributions  firom  the  non-localized  scaling  and  wavelet 
functions  in  3  directions.  For  example,  the  total  elec¬ 
tric  field  £x(^oi  Vo)  fo}  with  (fc  —  1/2)  ^  to  ^ 

(A  -I- 1/2)  At  is  calculated 

ij  E*(xoiyo»^o»  to)  = 

^/'+l/2(®o)  (yo)0n'  (^o)+ 

t  la,< 

where  ^„,(x)  =  and  =  V^<(^-m) 

represent  the  Battle-Lemarie  scaling  and  i-resolution 
wavelet  functions  respectively.  Only  wavelets  to  z- 
direction  have  been  included  for  simplicity.  For  an 
accuracy  of  0.1%  the  values  /i  =  /2,t  =  6  have  been 
used. 

The  purpose  of  a  space  adaptive  grid  is  to  use  a 
coarse  mesh  and  implement  a  local  magnification  by 
the  selective  use  of  wavelets.  Wavelets  are  placed  only 
at  locations  where  the  EM  fields  have  significant  val¬ 
ues,  creating  a  space-  and  time-  adaptive  dense  mesh 
in  regions  of  strong  field  variations  without  adding  a 
significant  computational  overhead.  There  are  many 


different  ways  to  take  ad\*antage  of  the  capability 
of  the  MRTD  technique  to  provide  space  and  time 
adaptive  gridding.  All  of  them  rely  on  the  fact  that 
the  wavelet  values  can  be  thresholded  without  affect¬ 
ing  the  accuracy  of  the  algorithm.  The  simplest  way 
is  to  threshold  the  wavelet  components  to  a  fraction 
(usually  <  0.5%)  of  the  scaling  function  coefficient  at 
the  same  cell  for  each  time-step.  All  components  be¬ 
low  this  threshold  are  eliminated  from  the  subsequent 
calculations.  This  procedure  doesn’t  add  any  signifi¬ 
cant  overhead  in  execution  time  (usually  <  12%),  but 
it  offers  only  a  moderate  economy  in  memory  require¬ 
ments  (round  28  -  35%).  Comparison  of  the  wavelet 
values  over  a  specific  space  window  of  scaling  neigh- 
boors  (often  equal  to  the  stencil  size)  would  offer  a 
more  significant  economy  in  memory,  but  would  de¬ 
mand  more  execution  time.  Another  way  of  creating 
a  space  adaptive  grid  is  to  use  an  absolute  threshold. 
This  requires  the  knowledge  of  the  spatial  field  dis¬ 
tribution  in  advance,  something  that  makes  it  inap¬ 
propriate  for  simulations  of  complicated  structures. 
Generally,  in  3D  cases  where  both  memory  and  ex¬ 
ecution  requirements  are  high,  the  first  thresholding 
algorithm  offers  an  optimized  performance. 

Ill  Applications  of  Nonlinear 
MRTD 

T^thout  loss  of  generality,  the  space  adaptive  algo¬ 
rithm  used  in  all  simulations  presented  herein  in¬ 
cludes  one  resolution  of  wavdets  only  to  the  z-  (lon- 
^tudinal)  direction.  For  validation  purposes,  this 
scheme  has  been  used  for  the  analysis  of  the  testing 
structure  of  Figure  (1).  This  filter  geometry  contains 
four  bilateral  E-plane  fins  in  a  sin^e  WR62  waveg¬ 
uide  housing  (15.799  mm  x  7.899  mm).  The  thick¬ 
ness  of  the  fins  is  t=0.9  mm  and  the  gap  width  is 
w=3.1mm.  The  agreement  of  data  obtained  from  the 
space  adaptive  grid  for  a  relative  threshold  of  0.5% 
and  those  obtained  by  use  of  mode  matching  [4]  is 
very  good  (Figure(2)). 

Another  evanescent-mode  E-plane  finned  waveguide 
bandpass  filter  geometry  is  shown  in  Figure(3).  A 
WR90  waveguide  (22.86  mm  x  10.16  mm)  is  used 
at  the  input  and  output  stages  and  a  rectangular 
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waveguide  with  a  crossection  of  7.06  mm  x  6.98  mm 
is  used  as  the  housing  of  the  filter.  Geometrical  pa¬ 
rameters  of  the  filter  take  the  values  /i  =  I2  =0.5 
mm,  Iz  =7.73inm  and  /4=0.94inm.  The  width  of  the 
fins  is  chosen  to  be  equal  to  the  waveguide  side  length 
a  =  w  =7.06  mm.  The  MRTD  space  adaptive  grid 
is  used  to  optimize  the  geometry.  An  20x20x389  grid 
is  used  for  the  simulations  and  85,000  time  steps  are 
considered.  A  Gabor  pulse  from  10-18  GHz  is  used 
as  the  excitation  along  a  plane  at  2  =  44.  Front  and 
back  waveguides  are  terminated  with  8  PML  layers 
with  R  =  10*®.  A  relative  threshold  of  0.5%  is  em¬ 
ployed  and  offers  economy  in  memory  at  least  by 
32%. 

In  the  geometry  imder  study,  we  have  different  elec¬ 
trical  paths  between  the  input  and  output  ports; 
one  (the  main  path)  is  constructed  with  the  coupled 
r^io  —  TEio  —  TEio  modes,  and  the  others  (the 
subsidiary  paths)  are  constructed  with  the  coupled 
TEio  -  TEfno  -  TEio  modes,  where  TEmo  for  m  >  1 
express  the  higher  order  evanescent  modes.  These 
modes  play  primarily  an  important  role  to  produce 
a  desired  off-passband  performance,  but  it  also  af¬ 
fects  significantly  the  passband  behavior.  Therefore, 
we  can  not  use  the  conventional  synthesis  method. 
The  slow  velocity  of  the  evanescent  waves,  require 
the  use  of  very  dense  grids  of  the  conventional  FDTD 
algorithm  for  a  large  number  of  time-steps  (close  to 
150,000).  For  example,  a  grid  of  90x20x778  has  been 
used  for  135,000  steps  to  provide  comparable  results. 
On  the  contrary,  space  adaptive  MRTD  algorithms 
can  use  coarse  grids  ever3rwhere  except  from  the  ar¬ 
eas  that  the  evanescent  modes  have  significant  val¬ 
ues.  Localized  use  of  wavelets  in  these  regions  offer 
the  necessary  grid  magnification.  This  effect  can  be 
observed  in  Figure(4)  that  shows  the  wavelet  coeffi¬ 
cients  amplitude  for  an  arbitrary  time  step  after  the 
pulse  has  propagated  along  the  whole  structure.  The 
results  from  the  optimization  (Figures  (5)-(7))  show 
that  as  the  used  fins  get  wider  and  come  closer,  the 
S21  gets  higher  values  without  affecting  the  signifi¬ 
cantly  the  bandwidth  of  the  filter. 


IV  Conclusion 

A  space  adaptive  3D  algorithm  based  on  Battle- 
Lemarie  scaling  and  wavelet  functions  has  been  ap¬ 
plied  in  the  numerical  modeling  of  e\'anesceni-mode 
waveguide  bandpass  filters.  The  S-parameters  of  one 
specific  geometry'  are  calculated  and  offer  memoiy* 
savings  by  a  factor  of  3-6  per  dimension  and  exe¬ 
cution  time  savings  by  a  factor  of  2.5  compared  to 
results  obtained  by  the  conventional  FDTD. 
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ABSTRACT 


TLME-DOMAIN  NUMERICAL  TECHNIQUES  FOR  THE  ANALYSIS  AND 
DESIGN  OF  MICROWAVE  CIRCUITS 


by 

Emmanouil  M.  Tentzeris 


Chair:  Linda  P.B.Katehi 

This  dissertation  investigates  the  effects  of  the  application  of  the  principles  of  Multires¬ 
olution  Analysis  (MBA)  to  time-domain  numerical  techniques  used  for  the  analysis  and 
design  of  microwave  circuits.  The  improvement  in  the  efficiency  in  terms  of  memory  and 
execution  time  requirements  is  quantified  and  the  inherent  capability  of  MBA  to  create  a 
mathematically  consistent  time/space  adaptive  gridding  is  exploited. 

Initially,  various  aspects  concerning  the  popular  finite-difference  time-domain  technique 
(F.D.T.D.)  are  investigated  and  a  memory-efficient  waveguide  absorber  based  on  analytical 
Green’s  functions  is  developed  and  applied  to  the  optimization  of  a  specific  waveguide  probe 
geometry. 

After  reviewing  the  general  principles  of  Multiresolution  Analysis,  novel  time-domain 
schemes  based  on  space-domain  expansions  in  scaling  and  wavelet  functions  are  derived. 
FDTD  implementation  schemes  (excitation,  hard/open  boundary  and  dielectric  interfaces) 
are  extended  to  Multiresolution  schemes  based  on  entire-domain  expansion  basis,  while 


maintaining  similar  performance  characteristics.  These  schemes  offer  the  unique  oppor¬ 
tunity  of  a  multi-point  field  representation  per  cell.  Battle- Lemarie  functions  are  used 
throughout  the  dissertation  due  to  their  special  qualities. 

These  Multiresolution  Time-Domain  Schemes  in  2D  are  applied  to  the  numerical  analysis 
of  shielded  and  open  striplines  and  microstrips.  The  field  patterns  and  the  characteristic 
impedance  are  calculated  and  verified  by  comparison  to  reference  data.  In  comparison  to 
Yee’s  conventional  FDTD  scheme,  the  proposed  2.5D-MRTD  scheme  offer  memory  savings 
by  a  factor  of  25  and  execution  time  savings  by  a  factor  of  about  4-5  maintaining  a  better 
accuracy  for  characteristic  impedance  calculations. 

The  stability  and  the  dispersion  performance  of  the  Battle-Lemarie  MRTD  schemes  is 
investigated  for  different  stencil  sizes  and  for  0-resolution  wavelets.  Analytical  expressions 
for  the  maximum  stable  time-step  are  derived  in  a  way  similar  to  the  "magic  step”  of  the 
FDTD  algorithm. 

A  dynamically  changing  space-  and  time-  adaptive  meshing  algorithm  based  on  a  mul¬ 
tiresolution  time-domain  scheme  in  two  dimensions  and  on  absolute  and  relativ  e  thresh¬ 
olding  of  the  wavelet  values  is  proposed  and  applied  to  the  numerical  analysis  of  various 
nonohomogeneous  waveguide  geometries  offering  additional  memory  economy. 

In  the  last  Chapter,  intervalic  wavelets  are  added  in  the  time-domain.  This  Time- 
Adaptive  Time-Domain  Technique  is  used  for  the  analysis  of  various  types  of  circuits  prob¬ 
lems  with  active  and  passive  lumped  and  distributed  elements.  This  scheme  exhibits  sig¬ 
nificant  savings  in  execution  time  and  memory  requirements  while  maintaining  a  similar 
accuracy  with  the  FDTD  technique. 
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“As  you  set  out  for  Ithaka  hope  your  road  is  a  long  one,  full  of  adventure,  full  of  discovery. 
Laistrygonians,  Cyclops,  angry  Poseidon  -  don’t  be  afraid  of  them:  you  11  never  find  things 
like  that  one  on  your  way  as  long  as  you  keep  your  thoughts  raised  high,  as  long  as  a  rare 

sensation  touches  your  spirit  and  your  body. 

Keep  Ithaka  always  in  your  mind.  Arriving  there  is  what  you’re  destined  for.  But  don  t 
hurry  the  journey  at  ail.  Better  if  it  lasts  for  years,  so  you’re  old  by  the  time  you  reach  the 
island,  wealthy  with  ail  you’ve  gained  on  the  way,  not  expecting  Ithaka  to  make  you  rich. 
Ithaka  gave  you  the  marvellous  journey.  Without  her  you  wouldn’t  have  set  out.  She  has 
nothing  left  to  give  you  now.  And  if  you  find  her  poor,  Ithaka  won’t  have  fooled  you. 
Wise  as  you  have  become,  so  full  of  experience,  you’ll  have  understood  by  then  what  these 

Ithakas  mean.  ^ 

K.Kavafis,  “Ithaka”  (1911) 
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CHAPTER  1 


Introduction 

1.1  Time-Domain  Techniques 

With  the  advent  of  microwave  circuits  used  in  high-frequency  communications,  there 
is  a  compelling  need  to  develop  efficient  and  reliable  full  wave  simulation  techniques  for 
the  modeling  process.  Until  1990,  the  modeling  of  electromagnetic  wave  interactions  was 
dominated  by  frequency-domain  techniques.  Apart  from  high-frequency  asymptotic  meth¬ 
ods  [1,  2],  electromagnetic  simulations  involved  setting  up  and  solving  frequency-domain 
integral  equations  [3,  4]  for  the  phasor  electric  and  magnetic  currents  induced  on  the  sur¬ 
faces  of  the  geometries  of  interest.  This  Method  of  Moments  (MoM)  involves  setting  up  and 
solving  dense,  full,  complex-valued  systems  of  tens  of  thousands  of  linear  equations  using 
direct  or  iterative  techniques.  Though  MoM  has  been  proven  to  be  a  very  robust  technique, 
it  is  plagued  by  significant  computational  burdens,  when  it  is  used  at  very  large  geometries. 
In  addition,  modeling  of  a  new  structure  requires  the  reformulation  of  the  integral  equation, 
a  task  that  may  require  the  very  difficult  derivation  of  a  geometry-specific  Green’s  function. 

On  the  contrary,  techniques  based  on  the  partial  differential  equation  (PDE)  solutions 
of  the  Maxwell’s  equations  yield  either  sparse  matrices  (frequency-domain  finite-element 
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methods)  or  no  matrices  at  aU  (time-domain  finite-difference  or  finite- volume  methods  i.  In 
addition,  specifving  a  new  geometry  is  reduced  to  a  problem  of  mesh  generation  onl\.  Thus, 
time-domain  PDE  solvers  could  provide  a  framework  for  a  space/time  microscope  permitting 
the  EM  designer  to  visualize  with  submicron/subpicosecond  resolution  the  dynamics  of 
electromagnetic  wave  phenomena  propagating  at  light  speed  within  proposed  geometries. 
Finite-Difference  Time-Domain  (FDTD)  is  a  direct  solution  method  for  MaxweU's  time 
dependent  curl  equations.  It  is  based  upon  volumetric  sampling  of  the  unknown  near-field 
distribution  within  and  around  the  structure  of  interest  over  a  period  of  time.  No  potentials 
are  employed.  The  sampling  is  set  below  the  Nyquist  Umit  and  typically  more  than  10 
samples  per  wavelength  are  required.  The  time-step  has  to  satisfy  the  stability  condition. 
For  simulations  of  open  geometries,  absorbing  boundary  conditions  (ABC)  are  employed  at 
the  outer  grid  truncation  planes  in  order  to  reduce  spurious  numerical  reflection  from  the 

grid  termination. 

In  1966,  Yee  [5]  introduced  the  first  finite-difference  time-domain  technique  (FDTD) 
for  the  solution  of  Maxwell’s  curl  equations.  Interleaved  positioning  of  the  electric  and 
magnetic  field  components  provided  a  second-order  accuracy  of  the  algorithm.  Taflove  and 
Boldwin  [6]  presented  the  numerical  stability  criterion  for  Yee’s  algorithm  and  Mur  [7] 
published  the  first  numerically  stable  second-order  accurate  absorbing  boundary  condition 
(ABC)  for  the  Yee’s  mesh.  The  perfectly  Matched  Layer  (PML)  ABC,  introduced  in  2D  by 
Berenger  in  1994  [8]  and  extended  to  3D  by  Katz  et  al.  [9],  provides  numerical  reflection 
comparable  to  the  reflection  of  anechoic  chambers  with  values  -40dB  lower  than  the  Mur 
ABC.  The  FDTD  technique  has  been  appUed  to  various  High-Frequency  simulations  with 
remarkable  success.  Taflove  [10]  and  Umashankar  [11]  used  FDTD  to  model  scattering  and 
compute  near/far  fields  and  RCS  for  2D  and  3D  structures.  Waveguide  -  Cavity  struc- 
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tures  and  microstrips  were  analyzed  with  FDTD  by  Choi  [12]  and  Zhang  .13i  respectively. 
Maloney  [14]  introduced  the  FDTD  modeling  of  antennas  and  El-Ghazaly  [15]  applied  this 
technique  to  picosecond  optoelectronic  switches.  Toland  et  al.  [16]  published  the  first  FDTD 
models  of  nonlinear  devices  (tunnel  diodes  and  Gunn  diodes)  exciting  cavities  and  antennas 
and  Sui  et  al.  [17]modeled  lumped  electronic  circuit  elements  in  2D. 

Despite  the  numerous  applications  of  FDTD,  many  practical  geometries,  especially  in 
microwave  and  millimeter- wave  integrated  circuits  (MMIC),  packaging,  interconnects,  sub¬ 
nanosecond  digital  electronic  circuits  (such  as  multichip  modules  (MCM))  and  antennas 
used  in  wireless  and  microwave  communication  systems,  have  been  left  untreated  due  to 
their  complexity  and  the  inability  of  the  existing  techniques  to  deal  with  requirements  for 
large  size  and  high  resolution.  Multiresolution  analysis  based  on  the  expansion  in  scaling  and 
wavelet  functions  has  demonstrated  a  capability  to  provide  space  and  time  adaptive  grid- 
ding  without  the  problems  encountered  by  the  conventional  Finite  Difference  Time- Domain 
schemes.  As  a  result,  it  could  be  used  as  a  powerful  foundation  for  the  development  of  very 
efficient  electromagnetic  simulation  techniques. 

1.2  Wavelet s-Multiresolut ion  Analysis 

The  term  "wavelets”  has  a  very  broad  meaning,  ranging  from  singular  integral  opera¬ 
tors  in  harmonic  analysis  to  subband  coding  algorithms  in  signal  processing,  from  coherent 
states  in  quantum  analysis  to  spline  analysis  in  approximation  theory,  from  multiresolution 
transform  in  computer  vision  to  a  multilevel  approach  in  the  numerical  solution  of  partial 
differential  equations,  and  so  on.  Considering  the  characteristics  of  time-domain  numeri¬ 
cal  techniques  for  the  solution  of  Maxwells’  equations,  wavelets  could  be  considered  to  be 
mathematical  tools  for  waveform  representations  and  segmentations,  time-frequency  anal- 
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vsis  and  fast  and  efficient  algorithms  for  easy  implementation  in  both  time  and  frequency 
domains. 

One  of  the  most  important  characteristics  of  expansion  to  scaling  and  wavelet  functions 
is  the  time-frequency  localization.  The  standard  approach  in  ideal  lowpass  (  scaling  )  and 
bandpass  (’’wavelet”)  filtering  for  separating  an  analog  signal  into  different  frequency  bands 
emphasizes  the  importance  of  time  localization.  The  Multiresolution  Analysis  (MRA),  in¬ 
troduced  by  Mallat  and  Meyer  [18,  19],  provides  a  very  powerful  tool  for  the  construction 
of  wavelets  and  implementation  of  the  wavelet  decomposition/reconstruction  algorithms. 
The  sampling  theorem  can  be  used  to  formulate  analog  signal  representations  in  terms  of 
superpositions  of  certain  uniform  shifts  of  a  single  function  called  a  scaling  function.  Stabil¬ 
ity  of  this  signal  representation  is  achieved  by  imposing  the  Riesz  condition  on  the  scaling 
function.  Another  important  condition  of  an  MRA  is  the  nested  sequence  of  subspaces  as 
a  result  of  using  scales  by  integer  powers  of  2. 

In  the  case  of  cardinal  B-splines  [20],  an  orthonormalization  process  is  used  to  produce 
an  orthonormal  scaling  function  and,  hence,  its  corresponding  orthonormal  wavelet  by  a 
suitable  modification  of  the  two-scale  sequence.  The  orthonormalization  process  was  in¬ 
troduced  by  Schweinler  and  Wigner  [21]  and  the  resulting  wavelets  are  the  Battle- Lemarie 
wavelets,  obtained  independently  by  Battle  [22]  and  Lemarie  [23]  using  different  methods. 
The  only  orthonormal  wavelet  that  is  symmetric  or  antisymmetric  and  has  compact  support 
(to  give  finite  decomposition  and  reconstruction  series)  is  the  Haar  [24]  wavelet  [25].  Nev¬ 
ertheless,  these  wavelets  exhibit  poor  time-frequency  localization.  Throughout  this  Thesis, 
Battle- Lemarie  and  Haar  scaling  and  wavelet  functions  will  be  used  as  an  expansion  basis 
for  the  E-  and  H-  field  components  in  space  and  time  domain  respectively,  in  order  to  derive 
an  efficient  and  fast  Multiresolution  Time-Domain  Scheme  for  the  numerical  approximation 
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of  Maxwell's  equations  in  a  way  similar  to  [‘26]. 


1.3  Overview  of  the  Dissertation 

Chapter  2  gives  a  general  overview  of  the  FDTD  Technique.  Excitation  topics  and  \\a\s 
of  improving  the  algorithm  performance  are  discussed  separately.  Next,  FDTD  is  used  in 
the  analysis  of  various  planar  circuits  and  waveguide  probe  structures.  A  new  waveguide 
absorber  based  on  analytic  modal  green’s  functions  is  developed;  it  is  characterized  by  a 
better  performance  in  memory  requirements  than  the  PML  absorber,  while  maintaining 
similar  accuarcy.  The  scattering  parameters  of  the  probe  structures  are  calculated  and 
verified  by  comparison  with  FEM  and  experimental  data.  The  effect  of  critical  geometrical 
parameters  on  the  probe  performance  are  investigated  and  the  probe  behavior  is  optimized. 

Chapter  3  starts  with  a  discussion  on  the  need  of  development  of  novel  time-domain 
schemes  which  would  alleviate  the  serious  memory  and  execution  time  limitations  of  the 
existing  techniques.  The  basic  principles  of  the  Multiresolution  Analysis  as  well  as  the  tech¬ 
nique  of  the  construction  of  wavelet  functions  are  presented.  Analytical  spectral  expressions 
for  the  linear  and  cubic  cardinal  splines  are  derived  as  an  example.  The  2D  MRTD  algo¬ 
rithm  based  on  Battle-Lemarie  expansion  basis  is  developed  for  a  grid  similar  to  that  of  the 
FDTD.  Hard  Boundaries,  such  as  Perfect  Electric  Conductors,  and  arbitrary  excitations 
are  implemented  in  an  automatic  way.  The  principles  of  the  PML  absorber  are  extended  in 
split  and  nonsplit  formulations  providing  a  very  efficient  absorber.  Notes  on  the  total  field 
value  calculation  at  every  spatial  point  conclude  this  Chapter. 

In  Chapter  4,  the  MRTD  scheme  is  applied  to  the  numerical  analysis  of  2.5D  shielded 
and  open  striplines  and  microstrips.  The  field  patterns  and  the  characteristic  impedance 
are  caluclated  and  verified  by  comparison  to  reference  data.  Simulations  display  memory 
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savings  by  a  factor  of  25  and  execution  time  savings  by  a  factor  of  4-5.  For  structures 
where  the  edge  effect  is  prominent,  additional  wavelet  resolutions  have  to  be  introduced  to 
maintain  a  satisfactory  performance  while  using  a  coarse  MRTD  grid.  The  non-split  P.ML 
algorithm  is  evaluated  for  different  ceUs  sizes  and  its  performance  is  comparable  to  that  of 
the  conventional  FDTD  PML  absorber. 

Chapter  5  investigates  the  stability  and  the  dispersion  performance  of  MRTD  for  differ¬ 
ent  stencil  (number  of  summation  terms)  sizes  and  for  0-resolution  of  wavelets.  Analytical 
expressions  for  the  maximum  stable  time-step  are  derived  for  schemes  containing  only  scal¬ 
ing  functions  or  combination  of  scaling  and  wavelet  functions.  It  is  proved  that  larger 
stencils  decrease  the  numerical  phase  error  making  it  significantly  lower  than  FDTD  for 
low  and  medium  discretizations.  The  addition  of  wavelets  further  improves  the  dispersion 
characteristics  for  discretizations  close  to  the  Nyquist  limit,  though  it  decreases  the  value 
of  the  maximum  stable  time-step. 

A  mathematically  correct  way  of  dielectric  modeling  is  presented  and  evaluated  in  the 
first  part  of  Chapter  6.  A  dynamically  changing  space-  and  time-  adaptive  meshing  MRTD 
algorithm  based  on  a  combination  of  absolute  and  relative  thresholding  of  the  wavelet  values 
is  proposed.  Different  thresholding  implementations  are  evaluated  by  the  application  of 
the  dynamically  chan^ng  grid  to  the  numerical  analysis  of  various  nonhomogeneous  2D 
waveguide  structures.  This  scheme  offers  memory  savings  by  a  factor  of  5-6  per  dimension 
in  comparison  to  FDTD. 

The  direct  application  of  the  principles  of  the  Multiresolution  Analysis  to  the  time  do¬ 
main  is  presented  in  Chapter  7.  A  Time  Adaptive  Time-Domain  Technique  based  on  Haar 
basis  is  proposed  and  applied  to  various  types  of  circuits  problems  with  active  and  passive 
lumped  and  distributed  elements.  The  addition  of  the  wavelets  increases  the  resolution  in 
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time,  something  that  is  very  important  especially  in  circuits  with  nonlinear  devices  such  as 
diodes  and  transistors.  This  scheme  exhibits  significant  savings  in  execution  time  and  mem¬ 
ory  requirements  while  maintaining  a  similar  accuracy  with  conventional  circuit  simulators. 


The  Thesis  closes  with  ideas  for  future  work  described  in  Chapter  8. 


CHAPTER  2 


The  Finite  Difference  Time  Domain  Technique  (F.D.T.D.) 
and  its  Applications  in  the  Analysis  and  Design  of 
Microwave  Circuits  and  Waveguide  Probes 


2.1  Foundations  of  the  Finite  Diference  Time  Domain  (F  .D.T.D.) 
Technique 


Considering  an  area  with  no  electric  or  magnetic  current  sources,  the  time-depen  dent 


Maxwell’s  equations  are  given  in  differential  form  by 


Faraday’s  Law: 


dt 


=  VxE  -Jr, 


Ampere’s  Law: 


~  =  VxF- 
dt 


Jt 


Gauss  ^s  Law  for  the  electric  field: 


Gauss's  Law  for  the  magnetic  field: 


VB  =  0 

Here.  E  is  the  electric  field  vector.  D  is  the  electric  flux  density  vector.  H  is  the  magnetic 
field  vector,  B  is  the  magnetic  flux  density  vector.  Je  is  the  electric  conduction  current  den¬ 
sity,  Jm  is  the  equivalent  magnetic  conduction  current  density.  In  linear,  isotropic  nondis- 
persive  materials,  B  and  D  can  be  related  to  H  and  E,  respectively,  using  the  constitutive 
equations: 

B  =  nH 

D  =  eE  (2.1) 

where  fi  is  the  magnetic  permeability  and  e  is  the  electric  permittivity.  To  account  for  the 
electric  and  magnetic  loss  mechanisms,  an  equivalent  electric  and  magnetic  current  can  be 
introduced 


Je  =  (tE 

Jm  =  p'B  (2.2) 

with  <T  the  electric  conductivity  and  pi  the  equivalent  magnetic  resistivity.  Combining 
Eqs.(2.1)-(2.2)  with  Maxwell’s  equations,  we  obtain 

^  =  -IvxE-^H  (2.3) 

dt  p  P 

^  =  l^xH--E  (2.4) 

dt  €  € 

The  curl  equations  (2.3)-(2.4)  yield  the  following  system  of  six  coupled  scalar  equations  in 
the  3-D  rectangular  coordinate  system  {x,y,z): 

dH^  l,dEy  dE,  , 

IT  =  IT 
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dHy 

1  dE, 

dE, 

dt 

dx 

dz 

dH, 

1  dEr 
dy 

_  ^ 

dt 

dx 

dEz 

1  dH, 
dy 

dHy 

dt 

dz 

dEy 

UdHz 

dz 

dH, 

dt 

dx 

dE, 

1  dHy 

dx 

dHz 

dt 

dy 

-p'n,) 

-pH,) 


aEr 


-oE,) 


(2.5) 


Eq.(2.5)  forms  the  basis  of  the  FDTD  numerical  algorithm  for  general  3-D  objects.  The 
FDTD  algorithm  need  not  explicitly  enforce  the  Gauss’s  Law  relations.  This  occurs  because 
they  are  theoretically  a  direct  consequence  of  the  curl  equations.  However,  the  FDTD  space 
grid  must  be  structured  so  that  the  Gauss’s  Law  relations  are  implicit  in  the  positions  of  the 
electric  and  magnetic  field  vector  components  in  the  grid  and  the  numerical  space  derivative 
operations  upon  these  vector  components  that  model  the  action  of  the  curl  operator. 

The  above  system  of  equations  can  be  reduced  to  2-D  assuming  no  variation  in  the 
z-direction.  That  means  that  all  partial  derivatives  with  respect  to  z  equal  zero  and  that 
the  analyzed  structure  extends  to  infinity  in  the  z-direction  with  no  change  in  the  shape  or 
position  of  its  transverse  cross  section.  Eq.(2.5)  will  give  in  rectangular  coordinates: 


dHr 

dt 

dHy 

dt 

dH, 

dt 

dE^ 

dt 

dt 

dE, 

dt 


1/  Iff  \ 

^  /dEz  \ 


l,dEr  dEy 


*  /  _ 
ir  dy 


dx 


-p'Hz) 


c  dy 

-  „£,) 

l.dHy 


dHz 

dy 


-<tEz) 


(2.6) 

(2.7) 

(2.8) 
(2.9) 

(2.10) 

(2.11) 


Eqs.(2.6),(2.7),(2.11)  constitute  the  transverse  magnetic  (TM^)  mode;  the  rest  the  trans- 
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verse  electric  (TE~)  mode  2-D  equations.  The  T E'  and  TM'  modes  are  decoupled  since 
they  contzdn  no  common  field  vector  components.  These  modes  are  completely  independent 
for  structures  composed  of  isotropic  materials  or  anisotropic  materials  having  no  off-diagonal 
components  in  the  constitutive  tensors.  That  means  that  they  can  exist  simultaneously  with 
no  mutual  interactions. 

Equations  for  1-D  cases  can  be  derived  in  a  similar  way  assuming  no  variation  in  the  x- 
or  y-direction  in  excess  to  no  variation  in  the  z-direction, 

Yee  [5]  proposed  a  set  of  finite- difference  equations  for  the  time-dependent  Maxwell’s 
curl  equations,  solving  for  both  electric  and  magnetic  fields  in  time  and  space  instead  of 
solving  for  the  electric  field  alone  (or  the  magnetic  field  alone)  with  a  wave  equation.  In 
this  way,  the  solution  is  more  robust  and  more  accurate  for  a  wider  class  of  structures.  In 
addition,  both  electric  and  magnetic  material  properties  can  be  modeled  in  a  straightfor¬ 
ward  manner.  In  Yee’s  discretization  cell  (Fig.2.1),  E-  and  H-  fields  are  interlaced  by  half 
space  and  time  gridding  steps.  The  spatial  displacement  is  very  useful  in  specifying  field 
boundary  conditions  and  singularities  and  creates  finite-difference  expressions  for  the  space 
derivatives  which  are  central  in  nature  and  second-order  accurate.  It  has  been  proven  that 
the  Yee  mesh  is  divergence-free  with  respect  to  its  electric  and  magnetic  fields,  and  thereby 
properly  enforces  the  absence  of  free  electric  and  magnetic  charge  in  the  source-free  space 
being  modeled.  The  time  displacement  (leapfrog)  is  fully  explicit,  completely  avoiding  the 
problems  involved  with  simultaneous  equations  and  matrix  inversion.  The  resulting  time¬ 
stepping  algorithm  is  non-dissipative;  numerical  wave  modes  propagating  in  the  mesh  do 
not  spuriously  decay  due  to  a  nonphysical  artifact  of  the  time-stepping  algorithm. 

Denoting  any  function  u  of  space  and  time  evaluated  at  a  discrete  point  in  the  grid  and 
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at  a  discrete  point  in  time  as 


u(iSx.jAy.kAz,lAt)=  iu,,j,k 


where  At  is  the  time  step  and  Ax,Ay,Az  the  cell  size  to  the  x-,  y-  and  z-direction.  the 
first  partial  space  derivative  of  u  in  the  x-direction  and  the  first  time  derivative  of  u  are 
approximated  with  the  following  central  differences  respectively 


(2.12) 


Applying  the  above  notation,  the  following  FDTD  equations  are  derived  for  3-D  geometries 
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where  Cij,*  and  pjj  ^  are  the  electric  and  magnetic  loss  coefficients  for  the  (i,  j,  A:)— cell.  The 
notation 


/«^«6.ie.*d  ~  l-a‘^i-bj-c,k-d 


is  used  for  compactness.It  can  be  observed  that  a  new  value  of  a  field  vector  component 
at  any  space  lattice  point  depends  only  on  its  previous  value  and  the  previous  values  of 
the  components  of  the  other  field  vectors  at  adjacent  points.  Therefore,  at  any  given  time 
step,  the  value  of  a  field  vector  component  at  p  different  lattice  points  can  be  calculated 
simultaneously  if  p  parallel  processors  are  employed,  sometlung  that  demonstrates  the  fact 
that  the  FDTD  algorithm  is  highly  parallelizable. 

The  exponential  decay  of  propagating  waves  in  certain  highly  lossy  media  is  so  rapid 
that  the  standard  Yee  time-stepping  algorithm  fmls  to  describe.  Holland  [27]  has  proposed 
an  exponential  time-stepping.  For  example,  for  large  values  of  a,  the  field  component  Ex  is 
given  by 


i^t-o.b,3,k  —  /T-  •' 

( ^0.»-^»-0.5.io.5.fc  ~  ^Oi^i-0.sJ-0.b,k  ^•^i-0.5 J.fco.4  ~  ^^i-0.b<3,k-0.b 


Ay 


Ax 


^2.19) 
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instead  of  Eq.(2.16). 

Stability  analysis  [57]  has  shown  that  the  upper  bound  for  the  FDTD  time  step  for  a 
homogeneous  region  of  space  (Cr./Xr)  is  given  by 


At  < 


v/CrMr 


for  3-D  simulations  and 


At  < 


(5p 


for  2-D  simulations.  Lower  values  of  upper  bounds  are  used  in  case  a  highly  lossy  material 
or  a  variable  grid  is  employed.  Discretization  with  at  least  10-20  cells/wavelength  almost 
guarantee  that  the  FDTD  algorithm  will  have  satisfactory  dispersion  caharacteristics  (phase 
error  smaller  than  5°/A  for  time  step  dose  to  the  upper  bound  value). 


2.1.1  Overview  of  Numerical  Absorbing  Boundary  Conditions 

It  is  very  common  for  the  geometries  of  interest  to  be  defined  in  "open”  regions  where 
the  spatial  domain  of  the  computed  EM  fields  is  unbounded  in  one  or  more  coordinate 
directions.  Since  no  computer  can  store  an  unlimited  amount  of  data,  the  field  computation 
domain  must  be  limited  in  size.  The  computation  domain  must  be  large  enough  to  enclose 
the  structure  of  interest,  and  a  suitable  absorbing  boundary  condition  (ABC)  on  the  outer 
perimeter  of  the  domain  must  be  used  to  simulate  its  extension  to  infimty.  ABC’s  cannot  be 
directly  obtained  from  the  numerical  algorithms  for  Maxwells’  curl  equations  defined  by  the 
Yee’s  finite-difference  systems.  This  is  due  to  the  fact  that  these  systems  employ  a  central 
spatial  difference  scheme  that  requires  knowledge  of  the  field  one-half  cell  to  each  side  of 
an  observation  point.  Central  differences  caimot  be  implemented  at  the  outermost  lattice 
planes,  since  by  definition  there  eidsts  no  information  concerning  the  fields  at  points  one-half 
space  ceU  outside  of  these  planes.  Backward  finite  differences  are  generally  of  lower  accuracy 
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for  a  given  space  discretization,  so  they  cannot  be  used  as  a  reliable  solution.  Several 
approximate  ABC's  have  been  proposed  [2S.  29.  30.  31].  In  our  FDTD  simulations.  1st 
and  2nd  order  Mur  ABC  [7],  coupled  with  Mei-Fang  Superabsorption  [32]  for  complicated 
structures,  have  been  used  to  terminate  open  domains  due  to  their  simplicity  and  versatility 
.  Reflection  coefficients  close  to  -60dB  have  been  achieved  for  a  wide  range  of  incidence 
angles  and  frequencies.  For  waveguide  structures  a  new  ABC  based  on  Green’s  functions 
has  been  developed.  Reflection  coefficients  obtained  by  the  recently  developed  PML  [8] 
have  been  used  as  a  reference  for  the  validation  of  the  novel  ABC. 

2.1.2  Excitation  Topics 

The  first  source  to  be  modeled  in  FDTD  was  a  plane  wave  incoming  from  infinity  [5]. 
The  plane  wave  source  is  very  useful  in  modeling  radar  scattering  problems,  since  in  most 
cases  of  this  type  the  target  of  interest  is  in  the  near  field  of  the  radiating  antenna,  and  the 
incident  illumination  can  be  considered  to  be  a  plane  wave. 

The  hard  source  [33]  is  another  common  FDTD  source  implementation.  It  is  set  up 
simply  by  assigning  a  desired  time  function  to  specific  electric  or  magnetic  field  compo¬ 
nents  in  the  FDTD  space  lattice.  In  this  way,  it  radiates  a  numerical  wave  having  a  time 
waveform  corresponding  to  the  source  function.  This  numerical  wave  propagates  symmet¬ 
rically  in  both  directions  from  the  source  point.  However,  this  way  of  excitation  has  some 
drawbacks.  As  time-stepping  is  continued  to  obtain  either  the  sinusoidal  steady  state  or 
the  late-time  impulse  response,  the  reflected  -  from  the  discontinuities  -  numerical  wave 
eventually  returns  to  the  source  grid  location.  Since  the  total  electric  field  is  specified  at 
the  excitation  point  without  regard  to  any  possible  reflected  waves,  the  hard  source  causes  a 
spurious,  nonphysical  retroreflection  of  these  waves  toward  the  structure  of  interest,  failing 
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to  simulate  the  propagation  of  the  reflected  wave  energy.  A  simple  way  to  avoid  thi>  prob¬ 
lem  is  to  remove  the  source  from  the  algorithm  after  the  pulse  has  decayed  essentiall\  to 
zero  and  apply  instead  the  regular  Vee  update.  However,  this  approach  cannot  be  used  for 
continuous  source  waveforms  where  the  source  remains  active  even  after  reflections  propa¬ 
gate  back  to  it.  It  has  been  observed  that  much  less  error  occurs  for  hard  sources  in  2-D  and 
3-D  than  in  1-D  because  the  hard  sources  in  2-D  and  3-D  intercept  and  retroreflect  much 
smaller  fractions  of  the  total  energy  in  the  FDTD  grid.  Collinear  arrays  of  hard-source  field 
vector  components  in  3D  can  be  useful  for  exciting  waveguides  and  strip  lines. 

The  total  field  excitation  eliminates  the  retroreflection  problems  of  the  hard  source. 
A  proper  field  component  is  simply  added  to  the  field  values  given  by  the  regular  FDTD 
equations.  Let’s  consider  for  example  Eq.(2.16)  for  =  0  and  no  field  variation  to  the 
z-direction 

_  jpx  I  ( *o.s-^*-o.5jo.s.fc  ~ 

~  "r  ^  j 

In  the  total  field  implementation  of  the  source,  one  time  dependent  term  is  added  to  the  field 
component  of  interest.  Calling  for  simpUcity  this  term  As,  Ex  component  at  the  excitation 


cell  is  updated  by 


-j.  At  /  <0.5  ^i-OA  Jo.5  ,*  »  •^*-0.5  .i-0.5  ] 

,k-iEi.0AJJ>+  Ay  ) 


+  As 


If  the  circuit  and  the  position  where  the  source  is  applied  allow  a  conductance  current  to 


flow,  this  term  actually  can  be  seen  as  an  impressed  conductance  current  density  pven  by 


On  the  other  side,  if  a  conductance  current  cannot  flow,  and  thus  only  a  displacement 
current  can  exist  (e.g.  the  excitation  of  an  empty  cavity  by  applying  a  point  source  in 
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the  middle),  it  actually  works  as  if  an  additional  term  added  to  the  component.  The 
modified  discretized  Maxwell  equation  can  be  written  as: 

,  ^  ~  <0  6-^l-0  t.J-0  1 

Ay  j 

That  corresponds  to  the  following  analytical  expression 

dE^  dsjt)  _  dHz 
^  dt  ~  dt  dy 

Thus,  the  term  added  to  the  field  component  is  the  derivative  of  the  waveform  we  want  to 
obtain.  As  a  conclusion,  if  the  circuit  allows  a  conductive  current  density  to  be  supported, 
the  desired  waveformmust  be  simply  added  to  the  field  component  at  the  location  of  the 
source;  if  only  a  displacement  current  can  be  supported  by  the  structure,  the  derivative  of 
the  desired  waveform  must  be  added  instead.  In  the  FDTD  simulations  reported  in  this 
Chapter,  a  gaussian  pulse  (nonzero  DC  content)  was  used  as  the  excitation  of  the  microstrip 
and  stripline  structures.The  Gabor  function 

s{t)  =  sin(tj;t)  (2.20) 

where  pw  =  2-  .-t,  U  =  2pw,  w  =  x(/„i„  +  /max),  was  used  as  the  excitation 

of  the  waveguide  structures,  since  it  has  zero  DC  content.  By  modifying  the  parameters  pw 
and  v),  the  frequency  spectrum  of  the  Gabor  function  can  be  practically  restricted  to  the 
interval  [fminJmax]-  As  a  result,  the  envelope  of  the  Gabor  function  represents  a  gaussian 
function  in  both  time  and  frequency  domain. 

2.1.3  Linear  Predictors 

It  is  very  common,  especially  for  high-speed  circuit  structures,  to  use  a  ceU  size  A  that 
is  dictated  by  the  very  fine  dimensions  of  the  circuit  and  is  almost  always  much  finer  than 
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needed  to  resolve  the  smcdlest  spectral  wavelength  propagating  in  the  circuit.  As  a  result, 
with  the  time  step  A(  bound  to  A  by  nuraericcd  stability  considerations.  FDTD  simulations 
have  to  run  for  tens  of  thousands  of  time  steps  in  order  to  fully  evolve  the  impulse  responses 
needed  for  calculating  impedances,  S-parameters  or  resonant  frequencies.  One  popular 
way  to  avoid  virtually  prohibitive  execution  time  has  been  to  apply  contemporary  analysis 
techniques  from  the  discipline  of  digital  signal  processing  and  spectrum  estimation.  The 
strategy  is  to  extrapolate  the  electromagnetic  field  time  waveform  by  10:1  or  more  beyond 
the  actual  FDTD  time  window,  allowing  a  very  good  estimate  of  the  complete  system 
response  with  90%  or  greater  reduction  in  computation  time. 

The  class  of  linear  predictors  or  autoregressive  models  (AR)  is  the  most  popular  time 
series  modeling  approach  due  to  the  fact  that  an  accurate  estimate  of  the  AR  parameters 
can  be  derived  by  solving  a  set  of  linear  equations.  Though  Prony’s  method  [34]  uses  a 
sum  of  deterministic  exponential  functions  to  fit  the  data,  the  AR  approach  constructs  a 
random  model  to  fit  a  statistical  data  base  to  the  second-order.  Let’s  consider  the  FDTD 
impulse  response  p  -h  1  equally  spaced  time  samples  after  at  time-step  n 

This  time  series  is  said  to  represent  the  realization  of  an  AR  process  of  order  p  if  it  satisfies 
the  following  relationship 

+  5(”) 


where  the  constants  ai,...,ap  are  the  AR  parameters  to  be  determined  from  the  previous 
values  of  f  and  q(n)  is  a  white  noise  process  whose  variance  has  to  be  calculated  before 
carrying  out  the  extrapolation  of  f.  Once  the  AR  coefficiemts  have  been  determined,  the 
above  equation  permits  the  prediction  of  a  new  value  of  the  time  series  from  p  known 


previous  values.  Numerous  different  approaches  for  the  evaluation  of  a,  have  been  proposed. 
Three  of  them  of  the  most  widely  used:  the  covariance  method,  the  forward-backward 
method  and  the  nonlinear  predictor.  The  covariance  method  involves  setting  up  and  solving 
a  p  X  p  linear  system  of  equations 


\ 

f  \ 

Cff{l,l)  C//(1,2)  ...  c//(l,p) 

ai 

c//(l,0) 

c//(2, 1)  c//(2,2)  ...  c//(2,p) 

02 

c//(2,0) 

^Cffip,l)  cjf{p,2)  ...  Cff{p,p)  j 

^  ) 

^  c//(p,0)  j 

where  c//  are  the  covariances  defined  by 


c//(a,6) 
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The  above  matrix  can  be  solved  with  Cholesky  decomposition.  The  order  p  of  the  model  is 
very  critical.  The  use  of  low  order  AR  model  causes  the  extrapolated  waveform  to  attenuate 
quickly  in  a  nonphysical  manner.  However,  a  high-order  model  can  cause  divegence  problems 
in  some  cases  because  of  statistical  instabilities  introduced  by  the  large  order.  A  coomon 
way  to  estimate  p  is  the  use  of  the  Akaike  Information  criterion  [34]. 

Forward  and  backward  prediction  methods  avoid  these  problems  by  working  directly 
with  the  time-domain  data,  rather  than  calculating  the  covariance  functions  of  the  data.  It 
solves  the  following  (p  4- 1)  x  (p  -I- 1)  linear  system 


1=1 
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p 

Cp  =  ^air(OJ) 
i=o 

Marple  [35]  reported  favorable  results  for  the  forward-backward  method  versus  existing 
popular  AR  approaches  such  as  the  Burg  and  the  Yule- Walker  algorithms.  It  provided 
more  accurate  spectra  and  its  order  was  much  lower  (close  to  10%  —  15%  of  the  order  of 
the  other  approaches).  In  addition,  the  forward-backward  method  is  sufficiently  robust  and 
fast,  though  it’s  slightly  less  stable  than  the  covariance  methods. 

2.2  Applications  of  F.D.T.D.  to  Planar  Circuits 

2.2.1  Open  Circuit  Design 

The  F.D.T.D.  is  initially  applied  in  the  design  of  a  patch  to  be  used  as  an  open  for 
the  frequency  range  from  0-6  GHz  (Fig.2.2).  The  dielectric  constant  of  the  substrate  is 
€r  =  5.46  and  the  dielectric  thickness  is  0.5  mm.  The  feeding  microstrip  line  (104.86875  mm) 
is  excited  by  applying  horizontally  the  Gaussian  pulse  e  '  '  with  pw  =  8.333  •  10~*^, 

dt  =  2.9  •  10“^^sec,  to  =  Spin.  The  excitation  is  on  for  t  =  0,..,tab  time-steps  with 
tab  =  6pwfAt.  During  this  period,  a  PEC  (perfect  electric  conductor)  is  placed  behind 
the  source  at  the  vertical  to  the  propagation  plane.  After  t  becomes  larger  than  tab,  tWs 
PEC  is  replaced  with  a  1st  order  Mur’s  absorber  and  the  results  converge  after  30,000  time 
steps.  After  numerical  experimentation,  it  is  observed  that  the  smallest  vertical  distance 
the  top-plane  1st  order  Mur  absorber  can  work  efficiently  equals  to  30  times  the  substrate 
thickness.  The  front  and  the  side  absorbers  are  placed  at  a  distance  49.35  mm  and  7.7425 
Tnm  away  from  the  patch  respectively.  In  addition,  the  resonant  frequency  of  the  patch 
antenna  should  be  such  that  it  would  not  cause  any  problems  for  the  operating  frequency 
range.  As  a  result,  the  almost  square  shape  of  the  patch  is  maintained,  but  the  dimensions 
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have  to  be  appropriately  modified.  After  using  a  mesh  with  cell  size  di  =  OAmm.dy  = 
0.20375mTn.  dz  =  1.23375mm.  the  optimum  performance  patch  dimensions  are  found  to  be: 
7.4025  mm  (length)  x  7.335  mm  (width).  (Fig.  2.3)  demonstrates  that  the  performance  of 
the  open  is  almost  perfect  since  the  reflection  coefficient  is  larger  than  0.97  for  the  whole 
frequency  range. 

2.2.2  Viahole  Analysis 

The  viahole  transition  between  two  bended  microstrips  (Fig.2.4)  is  another  geometry 
analyzed  with  F.D.T.D.  The  two  microstrip  lines  are  sandwiched  on  a  dielectric  substrate 
with  Cr  =  7  and  the  ground  plane  is  placed  in  the  middle  of  their  distance.  The  top  stripline 
is  excited  by  applying  horizontally  a  Gaussian  pulse  0-20GHz.  The  discretization  cell  has 
dimensions  10/im  x  bOfim  x  50/im  and  the  time  step  is  31ps.  A  forward-backward  predictor 
based  on  the  first  4,300  steps  with  order  p  =  27  is  employed  to  shorten  the  computation 
time  of  the  18.000  steps.  The  S-parameters  are  calculated  (Fig.2.5).  (Fig.2.6-2.7)  showing 
the  total  E-field  distribution  along  the  top  and  bottom  microstrip  planes  as  well  as  along  the 
ground  plane  at  frequency  10  GHz,  demonstrate  the  capability  of  the  F.D.T.D.  technique 
for  an  accurate  spatial  mapping  of  EM  energy.  Knowledge  of  the  electric  field  intensity  over 
a  microwave  circuit  is  extremely  useful  in  directly  identifying  microwave  circuit  problems 
such  as  the  existence  of  substrate  modes,  circuit  radiation,  device  to  device  coupling.  With 
tighter  control  over  line  lengths  and  losses  that  may  be  derived  from  electric  field  intensity 
(and  phase),  it  may  be  possible  to  reduce  the  number  of  iterations  during  the  design  of 
MMIC’s.  Also,  with  a  map  of  the  electric  field  intensity  above  the  substrate  it  would  be 
possible  to  define  low  electric  field  regions  around  a  device  that  could  be  used  for  placement 
of  more  circuitry,  thus  saving  valuable  chip  real-estate. 
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2.2.3  Filter  Design 


(Fig.2.8)  displays  the  geometry  of  a  three  stage  coupled  line  filter  fabricated  on  Duroid 
(Ct=10.8,  h=635  /tm).  All  dimensions  are  in  /tm.  The  bandpass  filter  has  a  measured 
insertion  loss  of  2.0  dB  in  the  passband  from  8.0GHz  to  10.5GHz  and  provides  better 
than  -25dB  rejection  at  12GHz.  (Fig.2.9)  shows  that  good  agreement  is  achieved  between 
measurements  and  FDTD  calculations.  The  FDTD  ceU  was  chosen  to  be  52.9  /im  for  the 
vertical  direction,  100  for  the  propagation  direction  abd  25  fim  for  the  direction  normal 
to  propagation.  The  time  step  is  chosen  to  be  73  fsec  to  satisfy  the  stability  criterion.  These 
choices  result  in  a  grid  with  140x234x448  cells.  The  Ist-order  Mur’s  ABC  is  applied  to  the 
boundaries  of  the  computational  domain  and  superabsorber  is  enhanced  at  the  input  and 
output  planes. 

For  wideband  S-parameter  extraction,  a  Gaussian  pulse  of  100  psec  is  used  as  the  vertical 
microstrip  exciation.  The  source  is  applied  5  cells  inside  the  feedline  in  the  propagation 
direction.  Two  simulations  of  pulse  propagation  along  the  microstrip  line  axe  made:  one 
simulation  for  the  filter  and  one  for  a  50  fi  microstrip  through-line.  The  filter  simulation 
gives  the  sum  of  the  incident  and  the  reflected  waveforms  and  the  through-line  simulation 
gives  only  the  incident  waveform.  By  subtracting  the  incident  from  the  total  waveform, 
the  reflected  waveform  at  the  input  port  is  derived,  which  permits  the  calculation  of  the 
reflection  coefficient  5ii.  The  transmission  coefficient  ^21  is  given  by  the  ratio  of  the  Fourier 
transforms  of  the  transmitted  and  the  incident  waveforms.  The  field  probes  are  located  at 
distances  far  enough  from  the  filter  discontinuities  to  eliminate  evanescent  waves. 
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2.2.4  Finite-Ground  CPW  Line  Analysis 


Coplanar  waveguide  with  finite  width  ground  planes  (F.G.C.)  (Fig.2.10)  is  characte  rized 
through  measurements  and  F.D.T.D.  to  determine  the  optimum  ground  plane  width.  It  is 
found  that  the  characteristics  (attenuation,  effective  permittivity)  of  the  Finite  Ground 
Coplanar  Line  are  not  dependent  on  the  ground  plane  width  if  it  is  greater  than  twice 
the  center  conductor  width,  but  less  than  to  keep  the  radiation  losses  and  dispersion 
small.  Also,  the  field  distribution  plots  show  that  the  power  that  propagates  along  the 
F.G.C.  is  concentrated  on  the  surface  of  the  substrate  and  the  magnitude  of  this  power 
is  inversely  dependent  on  the  ground  plane  width.  For  small  finite  ground  plane,  there 
exists  a  significant  amount  of  power  on  the  surface  of  the  substrate  outside  of  the  ground 
planes.This  is  demonstrated  by  the  distribution  of  the  normaJ-to-strip  magnetic  field  Hy 
for  lines  with  ground  plane  widths  of  B=25  and  B=100  /im  (Fig.2.11)  and  S  fF  25fiTn 
on  Si  wafers  of  €^=11-9  and  of  thickness  of  400  fim.  The  field  is  approximately  twice  as 
strong  for  the  narrower  ground  plane,  and  decays  away  from  the  outer  edge  of  the  ground 
plane.  As  a  conclusion,  coplanar  waveguide  with  a  finite  ground  plane  width  as  small  as 
twice  the  center  strip  width  may  be  used  without  adversely  affecting  the  attenuation  and 
permittivity  of  the  lines. 

The  2.5-D  FDTD  algorithm  is  used  in  the  simulations.  The  dimensions  of  the  Yee’s 
cell  are  chosen  to  be  2.5/xm  for  the  direction  parallel  to  the  coplanar  line  and  25/xm  for  the 
normal  direction.  The  time  step  is  7.45  ps  and  the  Ist-order  Mur’s  ABC  is  applied  to  the 
top,  left  and  right  boundaries  of  the  computational  domain.  The  top  absorber  is  placed  at 
a  distance  equal  to  15  times  the  dielectric  thickness  and  the  side  absorbers  at  a  distance 
equal  to  7  times  the  gap  of  the  coplanar  line.  A  delta  function  with  even  (odd)  symmetry 
is  used  for  the  excitation  of  the  horizontal  electric  field  across  the  gaps.  The  propagation 
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constant  used  in  the  simulations  has  the  value  100. 


2.3  Application  of  FDTD  to  Waveguide  Structures 

2.3.1  FDTD  and  Waveguide  Probe  Structures 

Significant  attention  is  being  devoted  now-a-days  to  the  analysis  and  design  of  waveguide- 
probes  [36]  -  [53].  Many  different  configurations  of  waveguide  probes  are  used  either  to  sense 
the  modal  propagation  inside  the  waveguides  or  to  mount  active  elements  inside  cavities. 
The  common  design  objective  is  to  maximize  the  coupling  between  the  probe  and  the 
waveguide  over  the  widest  possible  frequency  range.  The  characterization  of  waveguide- 
probes  demands  an  accurate  calculation  of  the  scattering  parameters  over  a  wide  band  of 
frequencies.  In  this  Section,  FDTD  is  used  in  the  RF  characterization  of  diode  mounting 
and  waveguide  probe  structures.  The  waveguide  probe  geometry  analyzed  in  this  section  is 
shown  in  (Fig.2.12).  The  probe  is  fed  by  a  shielded  coplanar  line  and  has  the  shape  of  a 
patch.  It  is  inserted  into  the  waveguide  through  a  slot  and  it  is  supported  by  a  dielectric 
substrate  which  is  not  connected  to  any  waveguide  wall.  The  dimensions  of  the  probe  as 
weU  as  the  thickness  and  the  dielectric  constant  of  the  substrate  are  of  critical  importance 
to  achieve  broadband  coupling  and  low  reflection  loss. 

Usually  more  than  one  mode  are  excited  inside  the  rectangular  waveguide,  making  the 
numerical  simulation  tedious  when  using  the  conventional  absorbing  boundary  conditions 
(ABC’s)  [7],  [32].  These  ABC’s  specify  the  tangential  electric  field  components  at  the 
boundary  of  the  mesh  in  such  a  way  that  waves  are  not  reflected.  For  TEM  structures 
the  waves  will  be  normally  incident  to  the  boundaries  of  the  mesh,  thus  requiring  a  simple 
approximate  absorbing  boundary  condition,  Mur’s  first  order  absorbing  boundary  condition 
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[7].  The  assumption  of  normal  incidence  is  not  valid  for  the  fringing  fields  propagating  tan¬ 
gential  to  the  walls.  For  this  reason,  for  non-TEM  structures  the  superabsorption  boundary 
condition  [32]  is  used  in  conjunction  with  Mur's  absorber  for  better  accuracy.  This  combi¬ 
nation  results  in  an  improvement  with  respect  to  the  reflection  coefficient.  However,  despite 
the  use  of  superabsorber,  when  the  frequency  range  of  interest  becomes  large,  significant 
reflections  occur,  even  if  there  is  only  one  propagating  mode.  To  overcome  this  difficulty, 
numerous  approaches  have  been  proposed.  The  technique  of  diakoptics  [40],  initially  devel¬ 
oped  for  TLM  [41]  and  later  for  FDTD  [42],  used  in  conjunction  with  the  modal  Green’s 
function  has  been  successfully  applied  to  TLM  [43],  [44],  [45].  In  the  analogous  FDTD  ap¬ 
proach  [46],  the  fields  are  decomposed  into  incident  and  reflected  wave  amplitudes  (’’TLM” 
approach)  and  the  characteristic  impedance  is  used  for  the  calculation  of  the  reflected  wave 
amplitudes.  A  similar  absorber  based  on  a  circuit  (voltage-current)  approach  has  been  pro¬ 
posed  by  F.  Moglie  et  aJ.  [47].  Due  to  the  field  decomposition,  both  of  these  approaches 
are  characterized  by  higher  memory  and  execution  time  requirements  than  the  conventional 
FDTD  absorbers. 

In  contrast  to  these  approaches,  the  Diakoptics  technique  is  derived  directly  from  Maxwell’s 
equations  following  an  approach  similar  to  [48]  and  only  total  field  values  are  used.  The  ab¬ 
sorber  proposed  is  based  on  the  analytic  Green’s  functions  of  the  waveguide  modes.  These 
Green’s  functions  are  used  to  calculate  the  tangential  electric  (for  TE  modes)  and  magnetic 
(for  TM  modes)  field  components  located  at  the  boundary  of  the  mesh.  The  tangential 
fields  one  cell  away  from  the  boundary  are  decomposed  into  modes  and  for  each  mode  the 
tangential  field  at  the  boundary  is  calculated  by  taking  the  convolution  of  the  mode  am¬ 
plitude  and  the  Green’s  function  for  this  mode  with  respect  to  time.  For  simplicity,  we 
consider  only  TE  propagating  modes,  while  the  approach  for  the  TM  propagating  modes 
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is  dual  and  straightforward.  A  similar  approach  based  on  numerical  Green's  functions  has 
been  presented  in  [49].  This  approach  requires  the  numericcd  evaluation  of  each  mode's 
Greens  function  that  is  obtained  by  running  an  FDTD  simulation  for  each  mode  and/or  the 
application  of  the  FD'^  principles.  On  the  contrary,  the  proposed  absorber  evaluates  ana¬ 
lytically  the  Green’s  functions  by  applying  the  Inverse  Fourier  transform  to  the  well-known 
expressions  in  frequency  domain.  Thus,  similar  accuracy  is  obttdned  without  a  significant 
computational  overhead. 


2.3.2  Novel  Absorber  Description 


For  the  sake  of  simplicity  in  the  presentation,  we  consider  only  „  modes,  propagat¬ 
ing  in  the  z-direction,  and  assume  that  the  waveguide  cross-section  is  located  on  the  xy- 
plane.  For  the  tangential  magnetic  field  adjacent  to  the  boundary  of  the  mesh  at  A:  =  Uz—Q.b, 
eqs.(2.13),(2.14)  for  non-lossy  material  are  simplified  to 


At  j 

(2.21) 

fio  ' 

1  Az  ) 

.  (2.22) 

Mo 

1  Az  ) 

The  absorber  is  used  to  calculate  the  tangential  electric  field  components  at  the  boundary 
of  the  mesh  {k  =  Uz)  from  the  tangential  electric  field  components  one  cell  away  from 
the  boundary  plane  (A:  =  n*  -  1).  The  tangential  magnetic  field  components 
and  n  ?  are  updated  using  eqs.(2.21)-(2.22)  and  depend  both  on  the  values  of  the 

electric  field  components  calculated  by  Yee’s  FDTD  scheme  and  on  the  values  of  the  electric 
field  components  calculated  by  the  absorber.  Using  eq,(2.15),  the  normal  magnetic  field 
components  at  fc  =  n*,  J7/+i/2,j+i/2,n,>  calculated  from 

Thus,  for  the  TE^^n  modes,  the  normal  magnetic  field  components  are  also  determined  so 
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that  the  reflection  from  the  boundary  is  minimized.  A  similar  argument  can  be  used  for 
the  position  of  the  absorber  for  the  ^  modes. 


In  order  to  derive  the  absorber  based  on  the  analytic  Green's  functions,  we  start  with 
the  wave  equation  in  cartesian  coordinates 


C2  ^<2  ^5l2^dy2^az2  c2dt2 


)F  =  0 


(2.23) 


where  F  indicates  the  tangential  electric  field  components  F*(i,  y,  r,  t),  E^(x,  y,  z,  t)  and  c 
represents  the  velocity  of  light.  The  tangential  electric  field  components  in  the  waveguide 
can  be  written  as 


E^{x,  y,  0  =  <)  cos{Pg^rnx)  sin(/0y,„y) 

m=0  n=l 


(2.24) 


E^{x,  y,z,t)=J2^  *)  sin(/3x.mx)  cos(/S„,„y)  (2.25) 


where 


m=l  n=0 


Q  8  -‘am 

Px,m  —  >  Py,n  —  t 


(2.26) 


m,  n  €  N,  axb  are  the  waveguide  cross  section  area  and  E^^„(z,t)  and  E^  „(z,t)  are 
the  modal  coefficients  given  by 

^m,n(«»0=  /  /  E^(x,y,z,i)cos(—x)sin(^y)dxdy  (2.27) 

a  0  JO  JO  fl  0 


E^ix,y,z,t)sm(^x)cos(^y)dxdy  .  (2.28) 


ra  rh 


In  eqs.  (2.27)  and  (2.28),  ^m,o  is  the  Kroenecker  delta  given  by 

1  for  m  =  0 


^m,o  —  \ 


0  for  m  7^  0 


27 


In  view  of  the  above.  eq.(2.23)  yields 


+  /?' 


y.n 


=  0 


(2.29) 


where  /’m,n(2,0  =  ■£'m,n(~»0- 

Applying  the  Fourier  transformation  {Fm, 0})  with  the  angular 
frequency  a;=2fff,  the  wave  equation  is  transformed  into  frequency  domain,  and  eq.(2.29) 


yields 


Following  a  procedure  analogous  to  [48]  and  assuming  a  given  amplitude  /;„,„((ni-l)Az,u;) 


of  the  rr*  mode  at  A:  =  -  1  ,  we  obtain 


pjPx,mn{^^{^x  —1) 


.  Hz^mn 


e“~i/5x,mn  {z—{nx  — 1 )  A^) 


7i,n((**2 


l)A2:,a;)  + 


dz 


z=(nT-l)Azy 

(2.31) 


with 


0z,mn  —  \ 


for  W  >  Wc,^ 


(2.32) 


[  f0TU<Uc,mn 

where  Uc,mn  =  Cy/i/3x,m)^  +  (/?».« )^  IS  the  cutoff  frequency  of  the  mode.  The  function 

Fm,n{^^)  has  exponentially  increasing  and  decreasing  solutions  with  respect  to  z  for  u;  < 
Wc.mn-  The  exponentially  increasing  solutions  have  to  vanish  for  ^  oo  for  u;  <  Wc.mn,  thus 
eq.(2.31)  yields 


F’m.n((n2  -  l)A«,u;)  = 


3  dFm,„iz,uj) 


0z,r 


dz 


(=(nx— 1)A2 


(2.33) 
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and 


(2.34: 


where  ~  is  the  Green's  function  for  the  ^  modes.  By  satisfying 

eq.(2.33),  Fm,nii'’^z  —  l)A2,a;)  results  in  an  outward  propagating  solution  with  respect  to 
z  for  u;  >  Wc,mn  only.  Thus,  computation  of  according  to  eq.(2.34)  requires  no 

backward  propagating  solution. 

Applying  the  convolution  theorem  [50],  eq.(2.34)  in  time-domain  reduces  to 
+00 

Em,ni^ft)  —  J  ~  {^z  ~  1)A^, t  ~  t)  Fm^nii^z  ~  l)A2,f  )  dt  ^2.35) 

—  00 

where  •><*>)}•  As  a  result,  the  tangential  electric  field  compo¬ 

nents  at  the  boundary  of  the  mesh  at  k=n2  are  expressed  in  the  form: 

+00 

.fm,n(ttiA2, /)  =  J  GTE^^^{^Z,t  —  t  )  F,n,nii^z  ~  )  di  .  (2.36) 

^00 

Following  a  procedure  similar  to  [63],  Pm,n((tt*  —  l)Az,t^)  can  be  expanded  in  a  series  of 
triangle  basis  functions  in  time-domain.  Inserting  this  expansion  in  eq.(2.36)  and  sampling 
Fm,ninzAz,t)  using  delta  functions  with  respect  to  time,  we  obtain 


Fm,n{nzAz,lAt)  =  ^  ■F’m,n((»z  -  l)Az, /'At)  ,  (2.37) 

/'=-00 

where  the  discrete  FDTD  Green’s  function  iGte^„  niay  be  calculated  analytically  by 

+00  +w 

iGte^  „=  j  GTEi,JAz,lAt-x)g{x)dx=  —  J  Gte^  ^{Az,u)  g{u)  dij  (2.38) 
—00  —00 

and  X  =  f  —  /'At.  The  triangle  basis  function  is  given  by: 


9ix)  = 


1  -  Isl  fo*’  l®l  ^ 


for  |x|  >  At 
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and  its  Fourier  transform  is: 


g{u)  =  T{g(t})  =  M 


LuAi 

2 


Due  to  causality,  we  have 


iGje*  —  0  for  /  <  0 


(2.39) 


(2.40) 


and  as  a  result, 

/ 

Fm,n{nzAz,lAi)  =  ^  -  l)Ai,/'A<)  ,  (2.41) 

/'s=-00 

which  represents  the  mathematical  formulation  of  the  Diakoptics  technique. 

As  an  example,  let’s  consider  the  TEi  q  mode.  For  the  y-component  j  of  the 

tangential  electric  field  at  A  =  Jij,  eqs.(2.25)  and  (2.41)  yield 

/ 

iElj,n,  =  ■£^i.o((«*  -  l)Az,/'At)  sin(xtAx/c)  ,  (2.42) 

/'=— OO 

where  “  1)A2:,  /'At)  may  be  calculated  from  eq.(2.28) .  The  discrete  FDTD  Green’s 

function  i-vGtei^  is  given  by 

4.00 

I-I'GteIj^  =  —  y  G2E*^(Ax,a>)  p(u>)  (2.43) 

—00 

with  g{ijj)  given  by  eq.(2.39)  and 


Gtei^{^z,u})  =  e 


5 


(2.44) 


where  /3z,io  is  calculated  by  eq.(2.32)  for  m  =  l,n  =  0. 


Absorber  Evaluation 

To  validate  the  absorber  presented  herein,  we  calculate  the  magnitude  of  the  reflection 
coefficient  in  frequency  domain  for  the  waveguide  structure  shown  in  (Fig.2.13).  The  xy- 
plane  of  the  waveguide  at  r  =  0  is  short-circuited  and  the  ABC  is  utilized  to  calculate  the 


30 


electric  field  components  in  the  xy-plane  at  r  =  2S80Ar.  The  waveguide  cross-section  is 
47.6mmx22niTTj  and  the  cell  size  is  given  by  Aj  =  4.76mm.  Ay  =  1.1mm  and  Ar  =  0.4mm. 
We  use  a  mesh  of  the  size  10  x  20  x  2880  and  run  the  simulation  for  25000  time-steps.  All 
conductors  are  assumed  to  be  perfect  electric  conductors. 

We  simulate  the  wave  propagation  for  frequencies  between  Z.lGHz  and  7.4GHz  so  that 
three  different  modes  are  excited,  71£Jf  q,  To  accommodate  the  presence 

of  these  three  modes,  we  use  a  superposition  of  three  Gaussian  pulses  multiplied  with  the 
corresponding  mode  patterns  at  r  =  2840Az  to  provide  the  correct  excitation.  For  the 
calculation  of  the  reflection  coefficient  p,  we  use  the  formula 


P  = 


Et  —  Erej 
Eref 


(2.45) 


where  Et  is  the  tangential  electric  field  probed  at  z  =  2860Az  and  Ere/  is  the  tangential 
electric  field  probed  at  the  ssmie  position  of  a  semi-infinitely  long  waveguide  (no  effect 
from  reflections  from  the  ABC)  with  the  same  cross  section.  The  semi-infinite  length  of 
the  waveguide  is  approximated  by  6700Az  and  the  tangential  electric  field  is  probed  again 
at  2  =  2860Az.  The  evaluated  ABC  is  replaced  by  a  PEC.  The  length  of  this  reference 
waveguide  is  chosen  such  as  no  reflections  from  the  PEC  plane  return  to  the  probe  position 
for  the  25000  steps  of  simulation.  The  absorber  based  on  the  analytic  Green’s  function  is 
compared  to  the  Ist-order  Mur’s  ABC  coupled  with  the  superabsorption  condition.  The 
effective  dielectric  constant  [32]  for  the  superabsorber  is  chosen  to  0.407. 

For  practical  applications,  the  infinite  summation  in  eq.(2.41)  has  to  be  approximated  by 
a  finite  number  of  terms  T.  This  approximation  corresponds  to  a  truncation  of  the  discrete 
FDTD  Green’s  function  according  to 


iGte^  „  =0  for  /  >  T 


(2.46) 
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where  T  represents  the  length  of  the  discrete  FDTD  Green's  function  with  respect  to  time. 
We  obtain 

i 

Fm,nin,,t)  =  i;  /-/'Gtex.,.  F^.„{n,-1./')  (2.47) 

and  eq.(2.42)  can  be  written  as 

i 

lElj,n,=  S  1-I’Gtei^  Elo(^z  -  1,1')  sm(Tri Ax /a)  .  (2.48) 

l'=t-T 

The  reflection  coefficient  is  minimized  if  we  truncate  the  discrete  FDTD  Green’s  function 
at  its  zeros.  In  (Fig.2.14),  results  for  the  reflection  coefficient  for  the  TE^  q  mode  are  shown 
for  three  different  values  of  T,  616,  1127  and  2646.  The  graph  for  the  Ist-order  Mur  ABC 
with  the  Superabsorption  condition  is  symbolized  with  (sup).  The  larger  the  length  T  of  the 
discrete  FDTD  Green’s  function,  the  more  eflfective  the  absorber  becomes.  For  T  =  2646, 
the  amplitude  of  the  reflection  coefiicient  is  less  than  -40dB  for  almost  the  whole  frequency 
range.  Thus,  the  ABC  based  on  the  analytic  Green’s  function  is  effective  in  a  much  wider 
frequency  range  than  the  super-absorbing  Ist-order  Mur  ABC.  This  is  true  even  when  we 
improve  the  performance  of  the  superabsorbing  Ist-order  Mur  ABC  by  applying  it  to  each 
waveguide  mode  separately.  Similar  results  were  observed  for  the  reflection  coefficient  for 
the  TE^fi  and  TEq^i  modes. 

The  PML  absorber  [8]  achieves  a  comparable  behavior  for  a  wide  frequency  range. 
For  example,  the  length  T  =  2646  of  the  discrete  TEf  q  Green’s  function  offers  a  reflection 
coefficient  very  close  to  that  of  a  PML  layer  of  4  cells  with  R  =  10“®  (Fig. 2. 15)  and  T  =  4161 
has  ■simila.r  performance  with  a  PML  layer  of  8  cells  with  R  =  10“®.  Generally,  considering 
larger  values  of  the  length  T  is  equivalent  to  increasing  the  number  of  the  PML  cells. 
Nevertheless,  the  memory  requirements  of  the  proposed  absorber  are  much  lower  than  the 
memory  requirements  for  the  PML  absorber.  For  each  mode,  the  convolution  of  eq.(2.42) 
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requires  the  storage  of  the  T  terms  of  the  modal  Green's  function  and  of  the  T  previous 
values  of  the  mode  amplitude  at  the  r  =  (n.  -  l)Ar.  Thus,  the  extra  memory  requirement 
of  the  Green's  function  absorber  is  2  x  T  read  numbers  per  mode.  A  PML  layer  of  N  cells 
to  the  z-direction  requires  M  =  6  x  jV  x  x  Uy  new  variables,  where  x  Uy  is  the  grid 
size  for  the  waveguide  cross-section.  Generally  M  >  2  x  T,  especially  for  large  grids.  Due 
to  the  details  of  the  waveguide  probe  structure  analyzed  in  the  next  section,  the  waveguide 
cross-section  grid  has  a  size  of  477  x  220  cells.  That  means  that  even  a  PML  layer  of  4  cells 
to  the  z-direction  requires  the  storage  of  Af  =  2, 518, 560  new  variables  !!  Using  an  absorber 
based  on  Green’s  functions  with  length  T  =  2646  for  the  T  —  2238  for  the  and 
T  =  2412  for  the  TEq  i,  only  14,592  new  variables  have  to  be  stored  (0.58%  of  the  PML 
memory  requirements).  As  a  result,  the  Green’s  function-based  ABC  offers  a  significant 
economy  in  memory  while  maintaining  similar  accuracy  with  the  PML  absorber. 

'Waveguide  Probe  Structure  Characterization 

The  FDTD  technique  coupled  with  the  proposed  waveguide  absorber  is  used  in  the  RF 
characterization  of  the  wavegmde  probe  geometry  shown  in  (Fig.2.12).  The  probe  in  the 
shape  of  a  rectangular  patch  is  fed  by  a  shielded  50D  coplanar  line  and  is  inserted  into  the 
waveguide  through  a  slot.  The  dielectric  substrate  carrying  the  probe  is  not  connected  to 
any  waveguide  wall.  This  type  of  probe  can  be  used  as  a  coupler  to  a  rectangular  waveguide 
or  as  a  diode  mounting  structure.  The  dimensions  of  the  probe  as  well  as  the  substrate 
thickness  and  the  dielectric  constant  of  the  substrate  are  of  critical  importance  in  optimizing 
coupling  to  the  waveguide. 

In  our  simulations,  we  try  to  optimize  the  thickness  of  the  dielectric  substrate  carrying 
a  probe  which  is  3.6mm  wide.  The  dielectric  constant  of  the  substrate  is  assumed  to  be 
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fr  =  12  (GaAs).  The  width  of  the  dielectric  substrate  entering  the  waveguide  is  o.Snim 
and  its  thickness  is  limited  to  less  than  2mm.  The  probe  is  designed  to  feed  a  WR-IST 
rectangular  waveguide  and  for  this  reason,  excitation  is  provided  on  the  coplanar  feedline 
by  a  Gabor  function  which  covers  the  frequency  range  of  3.1  GHz  to  7.4  GHz.  For  the 
simulated  frequency  range,  three  different  modes  are  excited  inside  the  waveguide.  TE\  q. 
TElfi  and  TEq  ^,  with  the  cutoff  frequencies  3.15  GHz,  6.30  GHz  and  6.82  GHz  respectively. 
The  mesh  used  in  the  FDTD  simulation  consists  of  480x477x52  cells  with  a  time  step  of 
At  =  0.31425ps.  The  simulation  runs  for  20,000  time  steps  to  achieve  converging  results. 
The  absorber  discussed  previously  is  used  to  absorb  simultaneously  all  propagating  modes 
of  the  waveguide  for  the  simulated  frequency  range. 

To  characterize  the  probe  performance  for  different  dielectric  thicknesses,  the  magnitude 
of  the  reflection  coefficient  |5ii|  for  the  dominant  TE{fi  mode  is  calculated.  For  validation 
purposes,  the  calculated  results  are  compared  to  data  derived  by  the  FEM  (Finite  Ele¬ 
ment  Method)  assuming  a  probe  width  of  3.6mm  and  a  dielectric  thickness  of  2.0  mm  (See 
(Fig.2.16)).  For  the  FDTD  simulation,  the  waveguide  absorber  based  on  the  Green’s  func¬ 
tions  for  the  three  propagating  waveguide  modes  is  used  at  the  terminal  plane.  For  the 
FEM  simulation,  an  artificial  absorber  depending  on  frequency  and  angle  of  incidence  is 
applied  to  terminate  the  waveguide.  For  the  whole  operating  frequency  range  (3.1-7.5  GHz) 
the  performance  of  both  absorbers  is  comparable  and  the  results  show  very  good  agreement. 

The  dimensions  of  the  shield  of  the  coplanar  feedline  are  chosen  to  be  5.8mm  x  3.8mm, 
such  as  only  the  CPW  dominant  mode  can  propagate  and  the  field  patterns  are  not  disturbed 
by  the  side  walls  in  the  frequency  range  of  the  simulation.  In  this  way,  the  superabsorption 
condition  can  be  applied  effectively  at  the  input  plane  of  the  feedline. 

The  performance  of  the  probe  has  been  evaluated  for  three  different  dielectric  thicknesses 
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2.0mm.  1.2mm  and  0.0  mm.  with  the  last  \'alue  corresponding  to  a  microwave  probe  printed 
on  a  dielectric  membrane  [52].  Results  in  terms  of  the  reflection  coefficient  are  shown  in 
(Fig.2.17).  As  it  can  be  observed  from  this  figure,  the  Vcdue  of  the  reflection  coefficient 
reduces  over  a  large  frequency  range  and  shows  symmetrical  behavior  round  the  center 
design  frequency  *is  the  dielectric  thickness  approaches  zero.  The  electric  field  (E)  and 
magnetic  field  (H)  distributions  for  zero  dielectric  thickness  are  plotted  for  t  =  6,000  time 
steps  across  the  probe  structure  symmetry  plane  (Fig.2.18)  and  across  the  coplanar  feedline 
plane  (Fig.2.19)  and  represent  the  transmitted  and  the  reflected  energy  respectively. 

The  reflection  coefficient  of  the  Si-membrane  printed  probe  has  been  calculated  for  four 
different  patch  widths  3.6mm,  9.8mm,  11.4mm  and  13.0mm  and  the  results  are  shown  in 
(Fig.2.20).  From  this  figure,  it  can  be  concluded  that  the  width  of  9.8mm  offers  the  most 
symmetrical  behavior  for  the  frequency  of  operation.  The  reflection  coefficient  for  widths 
larger  than  9.8mm  is  much  smaller  than  that  of  3.6mm  for  most  of  the  simulated  frequencies 
except  a  small  region  round  4.6  GHz.  Nevertheless,  the  widths  of  11.4mm  and  13.0mm  offer 
no  significant  improvement  over  the  width  of  9.8mm. 

Another  geometry  parameter  of  the  Si-membrane  printed  probe  that  has  been  investi¬ 
gated  is  the  distance  of  the  probe  patch  from  the  short  circuit  of  the  waveguide.  Lengths 
of  8.8mm,  10.4mm,  12.0mm  and  13.6mm  have  been  used  and  the  results  are  plotted  in 
(Fig.2.21)  it  can  be  noticed  that  the  value  of  12.0mm  offers  the  best  performance  in  terms 
of  the  value  and  the  bandwidth  of  the  reflection  coefficient. 

The  FDTD  results  derived  by  using  the  absorber  presented  in  Section  111.2  have  been 
validated  by  comparing  to  experimental  data.  The  probe  has  dimensions  13.2mm  x  4.3mm 
on  a  dielectric  substrate  with  thickness  2.1mm,  width  28.7mm  and  Cr=13.  The  probe  has 
been  inserted  in  a  WR229  waveguide  and  is  located  at  a  distance  of  14.7mm  from  the  top 
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surface  short  circuit.  For  the  FDTD  absorber  there  have  been  used  T=2S71  time  steps. 
The  performance  of  the  probe  has  been  evailuated  for  the  frequency  range  of  3. 3-4. 6G Hz 
and  the  results  are  shown  in  (Figs. 2. 22-2.23).  The  agreement  between  the  FDTD  and  the 
experimental  results  is  good  especially  in  the  frequency  range  of  the  optimum  performance  of 
the  probe.  The  abrupt  variation  in  S21  observed  for  the  higher  frequencies  in  the  experiment 
is  maybe  due  to  calibration  or  other  reasons  related  to  the  experimental  setup. 

2.4  Conclusion 

The  finite-difference  time-domain  method  has  been  used  to  analyze  planar  circuits  and 
waveguide  probe  structures.  For  the  analysis,  a  waveguide  absorber  based  on  analytic 
Green’s  functions  has  been  developed.  This  absorber  is  characterized  by  a  better  perfor¬ 
mance  in  accuracy  and  computational  efliciency  than  the  super-absorbing  Ist-order  Mur 
ABC  and  by  a  better  performance  in  memory  requirements  than  the  PML  absorber.  The 
scattering  parameters  of  the  probe  structures  have  been  calculated  and  the  results  have 
been  verified  by  comparison  with  FEM  and  experimental  data.  The  infiuence  of  critical 
geometrical  parameters  on  the  probe  performance  has  been  investigated  and  optimized. 
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Figure  2.4:  Viahole  Structure. 
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Figure  2.5:  S-Parameters  of  the  Viahole. 


Figure  2.6:  E-Distribution  across  Top  Viahole  (Top),  Middle  Ground  Plane 
(Bottom). 


Figure  2.7:  E-Distribution  across  Bottom  Viahole. 
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Figure  2.9:  Coupled  Line  Filter  S2i> 
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Figure  2.10:  Coplanar  waveguide  with  finite  width  ground  planes  (F.G.C.). 
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Figure  2.12:  Waveguide  probe  structure. 
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Figure  2.11:  Normal  H^Distribution  (Log)  fbr  B=2S  fan  (up),  100  (bot- 
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Figure  2.15:  Comparison  of  Green’s  Function  ABC  and  PML. 
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Figure  2.l9i  Waveguide  Itoft  Structure. 


Figure  2.17:  Reflection  CoeflScient  for  di£Eerent  Dielectric  Thicknesses. 
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Figure  2.20:  Reflection  CoeflScient  for  different  Patch  Widths. 


Figure  2.21:  Reflection  CoefRcient  for  different  Distances  from  the  Top  Sur- 
&ce  Short-Circuit. 
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CHAPTER  3 


Development  of  New  Time-Domain  Schemes  with  Higher 

Order  Basis  Functions 


3.1  Introduction 

Significant  attention  is  being  devoted  now-a-days  to  the  analysis  and  design  of  various 
types  of  printed  components  for  microwave  applications.  To  understand  high-frequency 
effects  and  incorporate  them  into  the  design  process,  there  is  a  compelling  need  to  implement 
full-wave  solutions  during  the  modeling  process.  There  has  been  a  variety  of  full  wave 
techniques  developed  for  this  purpose,  with  many  of  them  available  commercially.  Despite 
the  wealth  of  available  codes,  many  problems  in  electromagnetics  and  specificaily  in  circuit 
and  antenna  problems  have  been  left  untreated  due  to  the  complejdty  of  the  geometries 
and  the  inability  of  the  existing  techniques  to  deal  with  the  requirements  for  large  size 
and  High  resolution  due  to  the  fine  but  electrically  important  geometrical  details.  The 
straightforward  use  of  existing  discretization  methods  suffers  from  serious  limitations  due 
to  the  required  substantial  computer  resources  and  urealisticaJly  long  computation  times. 
As  a  result,  during  the  past  thirty  years  the  available  techniques  are  almost  incapable 
of  dealing  with  the  needs  of  technology  leading  into  a  quest  for  fundamentally  different 
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modeling  approaches. 

The  use  of  multiresolution  analysis  in  time  domain  has  shown  that  Yee's  FDTD  scheme 
can  be  derived  by  applying  the  method  of  moments  for  the  discretization  of  Maxwell's  equa¬ 
tions  [51]  using  pulse  basis  functions  for  the  expansion  of  the  unknown  fields.  The  use  of 
scaling  and  wavelet  functions  as  a  complete  set  of  basis  functions  is  called  multiresolution 
analysis  and  demonstrates  that  Multiresolution  Time-Domain  (MRTD)  schemes  are  gener¬ 
alization  s  to  Yee’s  FDTD  and  can  extend  the  capabilities  of  the  conventional  FDTD  by 
improving  computational  efficiency  and  substantially  reducing  computer  resources. 

3.2  Fundamentals  on  Multiresolution  Anadysis 

A  mutiresolution  analysis  consists  of  a  sequence  of  successive  approximation  spaces  Vj. 
More  precisely,  the  closed  subspaces  Vj  satisfy 

...V2CV1CV0CV.1CV.2C...  (3.1) 

with 

U  Vj  =  L^iR)  (density)  (3.2) 

jez 

Pi  Vj  =  {0}  (separation)  (3.3) 

jez 

There  exist  many  ladders  of  spaces  satisfying  the  above  conditions  that  have  nothing 
to  do  with  ’’multiresolution’’;  the  multiresolution  aspect  is  a  consequence  of  the  additional 
requirement 

f(x)  €  Vj  *->■  f(2jx)  €  Vo  (scaling)  (3.4) 

That  is,  all  the  spaces  are  scaled  versions  of  the  central  space  Vb.  Another  feature  that  we 
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CHAPTER  3 


Development  of  New  Time-Domain  Schemes  with  Higher 

Order  Basis  Functions 


3*1  Introduction 

Significant  attentkni  is  being  devoted  ncw-ardays  to  the  analysis  and  design  of  vaiions 
types  of  printed  components  for  microwave  appfications.  Ib  nndtrstaiid  Ugb-freqnenqy 
effects  and  incoiparate  tliem  into  the  design  process,  there  is  a  compdKag  ^ed  toimphaaent 
feu-wave  sohitions  during  the  modeling  process.  There  has  been  a  variety  of  fWl  wave 
tochniqao,  dwd.^  for  this  purpose,  with  many  of  them  available  oommerdally-  Despite 
the  wealth  of  available  codes,  many  problems  in  electromagnetics  and  specifically  in  drcoit 
and  antenna  probiimui  have  bean  left  untreated  due  to  the  complexity  of  the  geometries 
aad  the  Inabffity  of  the  existing  techniques  to  deal  with  the  requirements  for  luge  tine 
and  high  resolution  due  to  the  fine  but  electrically  important  gaometrical  details.  The 
straightforwud  use  of  easting  discretization  methods  suffers  from  serious  limitations  du« 
to  the  required  substantial  computer  resources  and  unrealistically  long  computation  times. 
As  a  result,  during  the  past  thirty  years  the  available  techniques  are  almost  incapable 
of  dealing  with  the  needs  of  technology  leading  into  a  quest  for  fundamentally  different 


56 


01/20/99  WED  12:59  FAI  7472106 


UM  RADIATION  LAB 


@006 


nctdelJQg  ipproaciifia. 

The  use  of  mdtiresolution  analysis  in  time  domain  has  shown  that  Yee’s  FDTD  scheme 
can  be  derived  by  applying  the  method  of  moments  for  the  discretization  of  Maxwell’s  equa¬ 
tions  [56]  using  pulse  basis  functions  for  the  expansion  of  the  unknown  fielde.  The  use  of 
•caling  and  wavdet  functions  as  a  complete  set  of  basis  functions  is  called  multiresolution 
analysie  and  demonstrates  that  Multiresolution  Time-Domain  (MRTD)  schemes  are  gener¬ 
alization  s  to  Yee’s  PDTD  and  can  extend  the  capabilities  of  the  conventional  FDTD  by 
improving  computational  efficiency  and  eubstautially  reducing  computer  resources. 

3.2  Fundamentals  on  Multiresolution  Analysis 

A  multiresdntion  analysis  consists  of  a  sequence  of  successive  approoQmation  spaces  Vj. 
Moro  precisely,  the  closed  subspaces  Vj  satisfy 


.•.V,CHCV„CF.,CK,C...  (3.1) 

with 

\JVi^  L\R)  (density)  (3,2) 

f]  Vj  :=  {0}  (seporoffon)  (3.3) 

There  exist  many  ladders  of  spaces  satisfying  the  above  conditions  that  have  nothing 
to  do  with  ’’multiresolution”;  the  multiresolution  aspect  is  a  consequence  of  the  additional 
requirement 

/(»)  €Vj  /(2^»)  €  Vq  (scaling)  (3.4) 

That  is,  all  the  spaces  are  scaled  versions  of  the  central  space  Vq.  Another  feature  that  we 
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rcqulM  from  mtJtirteolwtion  iinaly9is  is  the  invariancc  of  Vq  under  integer  tranaUtion< 

/(»)  G  Vb  /(®  -  n)  6  Vo,Vn  G  Z  (3,5) 

Becaitsa  of  Eq.(3.4),  this  itapLes  that  if  /(®)  €  Vj,  then  /(ar  -  2^n}  €  for  all  »  G  Z. 
Finally,  we  require  that  there  exists  ^  e  such  that  {^,n,  n  e  Z}  is  an  orthonomal 
in  Vo,  where  for  aB  j.n  €  2,  ^  2-iV3^2-^‘*  -  n).  As  a  result,  e  Z}  «  an 

orthononnal  baais  for  Vj  for  all  j  €  Z;  that  is, 

<  >=  ^Fu,ii>  m,n^  Z  ^3,5^ 

^bere  6  notates  the  Kronedcer  symbol 

{1  m  =  n 
0  daewhere 

Throughout  this  Chapter,  there  will  be  used  the  following  notations  for  the  inner  predvet 
and  norm  for  the  space  ■£*(5); 

</tSf>=  f  f(x)$(x)dx 
^“00 

ll/ll  »1|/||2  =</,/>‘^* 

The  basic  idea  of  the  multlresolution  analysis  is  that  whenever  a  collection  of  closed  sub- 
spaces  satisfy  EqG.(3.1)-(3.6),  then  there  exists  an  orthonotmal  wavelet  bask  n  €  2} 
of  —  n),  such  that  for  all  f  in  , 

=  ^sf  +  53  ^  ,  (3.7) 

k€Z 

where  Pj  is  the  orthogonal  projection  onto  V}.  Ibr  every  j  ^  Z,  d^ne  Wj  to  be  the 
orthogonal  complement  of  Vj  in  T^_i.  We  have 

Vi^i:=VjQWj  (3,8) 
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with  p  27r-periodic  and  |/>(0|=1.  In  particular,  we  can  choose  p{i)  =  "ith  m  t 

Z,  IpoI  =  li  which  corresponds  to  a  phase  change  and  a  shift  by  m  for  r.  We  wiU  use  this 
freedom  to  define 

V’ =  ]^5n<P-l.n,  =  (-l)"/i-n+l  (3-23) 

n 

The  orthonormality  condition  of  Eq.(3.6)  can  be  relaxed.  It  is  sufficient  to  require  that 
the  4>{x  -  k)  constitute  a  Riesz  basis  of  Fq;  that  means  that  they  span  Vb  and  for  all 
(cjt)A:6Z  €  L\Z)  with  Efc  <  00  it  holds 

<  II  -  *)ii"  i  ^  E  i'*i"  (3-24) 

k  k  k 

or  equivalently 

0  <  (2x)-M  <  Y,  +  2’rOI^  <  (2jr)-*£  <  oo  (3.25) 

l 

where  ^4  >  0,.S  <  oo  are  independent  of  the  c„.  Supposing  that  <f>  e  L\R)  satisfies 
Eq.(3.25)  and  defining  Vj  -  Span{^j,k\  k  €  Z},  then  f]jeZ  -  0*  Also,  if  (^(f)  is  bounded  for 
all  ^  and  continuous  near  ^  =  0,  with  <^(0)  ^  0,  then  Uj€Z  ^  ~  L^{R).  One  Riesz  basis 
which  satisfies  these  criteria,  satisfies  the  density  and  separation  qualities  of  the  multireso¬ 
lution  analysis. 

Chui  [?]  has  proven  that  {(f>{x  -  A;)  :  A  6  Z}  is  an  orthonormal  family  if  and  only  if 
25r  HkL-oo  +  27r/)P  =  1,  Va;  €  R.  This  is  a  very  useful  criterion  for  the  orthonormality 
of  a  specific  scaling  family. 

We  can  therefore  construct  an  orthonormal  basis  <f>-^  for  Vq  by  defining 

4,^  =  (2ir)->/nE  l*<«  +  ZtOI')-’'*  m  (3.26) 

t 

Clearly,  +  25r/)|*  =  (27r)~^,  which  means  that  the  <l>-^{x  -  k)  are  orthonormal. 

Finally, 

^(0  =  m^(^/2-b7r)  ^^(^/2)  (3.27) 
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with 


mo^(^)  =  mo(OC  +  2jr/)lY/2  E  N2^  +  2tI)\'^]-^I‘  (3.2S) 

I  I 

or  equivalently 

Xj^ix)  =  E(-ir  -  n)  (3.29) 

n 

with  m^(0  =  ^'Znhn 

The  Battle- Lemarie  wavelets  [22,  23]  are  associated  with  multiresolution  analysis  ladders 
consisting  of  spline  function  spaces.  A  B-spline  with  knots  at  the  integers  is  considered  the 
original  scaling  function.  The  zero  order  cardinal  B-spline  Nq  is  the  characteristic  function 
of  the  unit  interval  [0,1) 

{1  0<a:<l 
0  elsewhere 

For  m  >  1,  the  m-th  order  cardinal  B-spline  Nm,  is  defined  recursively  by  the  following 
convolution: 


Nm{x)  =  f  Nm-iix  -  t)Noit)dt 

=  f  Nm-i{x  -  t)dt 
Jo 


(3.30) 


with  the  Fourier  transform 


m+1 


J 


where  p  =  0  if  m  is  odd  and  p  =  1  if  m  is  even.  For  even  m,4>=  Nm  is  symmetric  around 
a;  =  1/2,  for  odd  m,  around  a:  =  0.  Except  for  m  =  0  the  scaling  functions  constitute  a 
Riesz  basis,  but  they  are  not  orthonormal.  To  apply  the  orthonormalization  of  Eq.(3.26), 
Daubechies  [25]  has  shown  that 


2ir  E  \N^i2x  +  2wk)\^  = 

/f=-00 


stV”*+^(z) 
(2m  -I- 1)! 


d2"»+i 
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The  result  of  the  orthonormalization  is  that  support  of  the  d-*-  =  R  =  support  of  the 
V  for  all  the  Battle-Lemarie  wavelets.  The  ’'orthonormalized”  has  the  same  symmetry 
axis  as  0.  The  symmetry  axis  of  0  always  lies  at  x  =  1/2.  (For  m  even,  rl'  is  antisymmetric 
around  this  axis,  for  m  odd,  t/’  is  symmetric).  Even  though  the  supports  of  c*-  and  f  equal 
the  whole  R,  and  still  have  very  good  (exponential)  decay 


The  Battle-Lemarie  wavelets  based  on  the  m-th  order  cardinal  B-splines  belong  to  with 
A:  <  m  - 1  and  have  m  vanishing  moments:  /  dx  ^{x)  =  0  for  l=0,l,..,m  for  bounded 
for  /  <  m.  It  is  impossible  for  orthonormal  to  have  exponential  decay  and  to  belong  to 
with  all  derivatives  bounded,  unless  t/*  =  0.  As  a  result,  to  achieve  fast  (exponential) 
decay,  only  a  finite  number  k  of  derivatives  can  be  continuous.  The  decay  rate  decreases 
as  k  increases.  On  the  contrary,  the  Meyer  wavelet,  which  is  decays  faster  than  any 
inverse  pol}rnomial,  but  not  exponentially  fast. 

In  the  general  case,  ^  =  Nm,  the  <i>  satisfies  /  dx<l>{x)  =  1  and 


2-2n 


/  \ 

2n-|-l 


<j>{x)  =  ^ 


/ 


2-2n-l 


Ean- 

i=o 


2n  -h  2 

j 

/ 

If  we  choose  <j>  to  be  the  0-th  order  cardinal  spline. 


^2x  —  n  —  1  -h  y),  m  =  2n  =  even 

\ 


d>{2x  —  n  —  1  -f  j),  m  =  2n  +  1  =  odd 


1  0<x< 1 

<f){x)  =  ^ 

0  elsewhere 
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and  we  follow  the  previous  steps,  we  end  up  with  the  Haar  basis 

r 

1  0  <  I  <  1/2 

=  S  -1  -1/2  <  I  <  1/2 

0  elsewhere 

No  orthonormalization  is  needed  since  4>  is  orthogonal  to  its  translations. 
Choosing  the  piecewise  linear  spline  (m=l)  as  the  scaling  function. 


<j>{x)  = 


l-|z|  0<li|<l 


elsewhere 


it  satisfies 


^(i)  =  0.5^(2i  +  1)  +  ^(2i)  +  0.5^(2i  -  1) 


(3.31) 


and  its  Fourier  transform  is 


It  can  be  observed  that 


25r  +  2tr/)p  =  |  +  ^cos^  =  i(l  +  2cos^(^/2)) 


Since  4>  is  not  orthogonal  to  its  translates,  it  is  needed  to  apply  the  orthogonalization  trick 

described  above.  The  orthonormalized  scaling  function  is  given  by 

l^(c\  _  4szn^(e/2) 

<!>  (0-v3(2;r)  2cos2(^/2)]V2 

The  <f>^  is  not  compactly  supported  unlike  <f>  itself.  The  corresponding  is 


mo-^(0  =  co5^(f/2)  ^ 


l  +  2cos2(e/2)]*/2 


+  2cos2(^) 


and  the  wavelet  if}  is  given  by 


=  e'^^^sin 


1  +  2cos2(^/2)J 


(3.32) 


=  y/3e*^^^sin^{^/4) 


_ 1  +  2sin^(^/4) _ 

(1  +  2cos2(f/2))(l  +  2cos^{^/4)) 


li/2. 

J  cl>ia2)  (3.33) 
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The  choice  of  the  scaling  function  for  the  development  of  the  new  Time-Domain  MRTD 
scheme  is  the  cubic  cardinal  spline  (m  =  3).  After  orthonormalization,  the  spectral  expres¬ 
sions  of  the  scaling  and  the  wavelet  functions  are 


2 


(3.34) 


and 


The  Cubic  Spline  Battle- Lemarie  Scaling  and  Wavelet  functions  are  plotted  in  (Figs.3.1- 
3.2)  in  Spatial  Domain  and  in  (Figs.3.3-3.4)  in  Spectral  Domain. 


3.4  The  2D  MRTD  scheme 


For  simplicity,  the  2D  MRTD  scheme  is  analyzed  for  a  homogeneous  lossless  medium 
with  the  permittivity  c  and  the  permeability  fi.  Assuming  no  variation  along  the  y-direction, 
the  Maxwell’s  equations  for  the  two-dimensional  TM^  mode  [62]  can  be  written  as: 


dE^  =  .IMe 

dt  €  dz 

dHy  _  I  dE^  dE^ 
dt  dx  dz 

dEz  _  I  dHy 
dt  e  dx 


(3.36) 

(3.37) 

(3.38) 


To  derive  the  2D  MRTD  Scheme,  the  electric  and  magnetic  field  components  incorporated 


in  these  equations  are  expanded  in  a  series  of  Battle-Lemarie  scaling  and  wavelet  functions 

in  both  X-  and  z-dii:ections  and  in  pulse  functions  in  time. 

+00 

Ex(x,Z,t)  =  ^ 

oo 
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+ 


+ 


+ 


+CC  +(X 

i;,/,m=— oc  r,s=0  p,=0 

+OC  -foo  2*^^  —  1 

E  E  E 

k,l,m——<»  r,=0  Pi=0 

+00  +00 

E  E  E  '•*(<)  f;v(--i 

kJ,m=:^oo  r,,r,=0  Px.P2=0 


Ez{x,z,t)  = 


+ 

+ 

+ 


+ 

+ 

+ 


+  00 


Y1  ^^^m-l/2  <;^m^l/2(^) 

/:,i,Tn  =— oo 

+00  +00  2’’*-l 

X]  X/  ^  ^’m-1/2, 

Jk,/,m=:— oo  rx=0  Px=0 
+00  +00  2’“^-! 

E  E  E  A‘(‘) 

k,l,m=—oo  Tx—0  Px—0 

+00  +00  2'-*’’-*-l 

E  E  E 

A:,/,m=— oo  rx,rx=0  p*iPr— 0 
+00 

X!  it+l/2-^/-l/2,m-l/2  ^*+1/2(0  ^/-l/2(®)  ^in-l/2(^) 

^,/,m=-oo 

+00  +00  2’'^-l 

X]  X^  X^  *+l/2-^/-l/2*mll/2  ^*+1/2(0  ^/-l/2(®)  V’to-1/2,Pz(^) 

A:,i,m=-oo  rx=0  pz=0 
+00  +00  2’’*-l 

X]  XI  X^  *+1/2-^/-1/2^-1/2  ^*+1/2(0  ^[-l/2,p,(®)  ^m-l/2(^) 

k,l,mss—oo  r»s=0  px=0 

+00  +00  2'-*’’’*-l 

E  E  E  '■‘«/^(‘)  . 

k^tjn—^oo  rx,rx— 0  P*»P*— 0 

(3.39) 


where  ^„(i)  =  -  n)  and  ^;,p(a:)  =  2^/^  V,o(2’-[^  -  »]  -  p)  represent  the  Battle- 

Lemarie  scaling  and  r-resolntion  wavelet  function  respectively.  The  expressions  of  the  scaling 
and  the  0-resolution  wavelet  in  the  spectral  domain  are  given  in  Eqs.(3.34)-(3.35).Since 
higher  resolutions  of  wavelets  are  shifted  and  dilated  versions  of  the  0-resolution,  their 
domain  will  be  a  fraction  of  that  of  the  0-resolution  wavelet;  thus  there  are  going  to  be 
more  than  one  higher  resolution  wavelet  coefficients  for  each  MRTD  cell.  Specifically,  for 
the  the  arbitrary  r-resolution  and  for  the  n-cell  to  the  x-direction,  there  exist  2’’  wavelet 
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coefficients  located  at  ^  =  n  +  p  =  —  1.  This  is  the  reason  for  the  summation 

of  the  p  terms  for  each  resolution  r  in  the  expansion  of  Eq.(39).  and 

K  =  x,y,z  and  pL,v  =  Q,  i'  are  the  coefficients  for  the  field  expansions  in  terms  of  scaling  and 
wavelet  functions.  The  indices  /,m  and  k  are  the  discrete  space  and  time  indices  related  to 
the  space  and  time  coordinates  via  x  =  /Ai,s  =  mAr  and  i  =  /:At,  where  Ax,Ar  are  the 
space  discretization  intervals  in  x-  and  z-direction  and  At  is  the  time  discretization  interval. 
For  an  accuracy  of  0.1%  the  above  summations  are  truncated  to  a  finite  number  of  terms 
determined  by  the  dispersion  and  stability  requirements  (typically  between  22-26).  The 
time-domain  expansion  function  hk{t)  is  defined  as 


M<)  =  -  *) 


(3.40) 


with  the  rectangular  pulse  function 


1  for  |x|  <  1/2 


^(0  —  S  1/2  for  |x|  =  1/2 


0  for  |x|  >  1/2 


The  magnetic  field  components  are  shifted  by  half  a  discretization  interval  in  space  and 
time-domain  with  respect  to  the  electric  field  components  (leap-frog). 

Upon  inserting  the  field  expansions.  Maxwell’s  equations  are  sampled  using  pulse  func¬ 
tions  as  time-domain  test  functions  and  scaling/wavelet  functions  as  space-domain  test- 
functions,  For  the  sampling  in  time-domain,  the  following  integrals  are  utilized 


■foo 

J  hk{t)hk>it)dt  =  6k,k>^x  (3.41) 

— OO 

and 
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/ 


dhk'+i/2('t) 


dt  =  6k,k'  -  h.k'+\ 


where  6k,k’  is  the  Kroenecker  symbol, 


h,k'  = 


1  for  A:  =  k' 


0  for  fc  ^  k' 


Sampling  in  space-domain  is  obtained  by  use  of  the  orthogonality  relationships  f  or  the 
scaling  and  for  the  wavelet  functions  [25] 


+00 


(3.43) 


-TOO 

J  <l>m{x)il}^i,p>(x)dx  ==  0,  Vr,p 


(3.44) 


-f-OO 

J  ~  ^r,r'  ^m,m'  ^m,m'  Ax 


(3.45) 


The  integrals  containing  derivatives  can  be  approximated  by  the  following  expressions: 


T ..(i)  w 


(3.46) 


<■(•)  =  -  /  1^01^  f  »'"lf  (•  +  l/2)l<*f 

TT  Jo 


(3.47) 


+00 

j  <f>mix) 


»=“«d.r4 


(3.48) 
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with 


driup)=-  |vo(^/2^)l  i  5in(aj  +  0.5  +  p/2^+  1/2^+')] 

jQ 


(3.49) 


with 


+00 


d<t)m*Jr\l2{^) 

dx 


dx 


— oo 


^c.r,7 

Cr(i,  p)<5m+t\m' 

t=-nc.r.i 


(3.50) 


Cr(»,p)=  -  r2-^^^m{0  ma^ni  ^  5in[e(i  +  0.5-p/2’--  1/2^+')]  d^  ,  (3.51) 
TT  yo 


(x)  ’*6.ri,r2,2 

- dxfS  br^,r3{iyPuP2)Sm+i,m'  (3.52) 

,r2,l 

with 

br^.r,ii^PuP2)  =  r  l^o(f/2^>)|  |t^o(e/2'*)| ^ «n[^ (t-+l/2+P2/2'*-Pi/2"Hl/2^^+' -l/2^*+’)]d^ 
Jo 

(3.53) 

For  the  rest  of  the  MRTD  Technique  description,  an  expansion  only  in  a  series  of  scaling  and 
0-resolution  wavelet  functions  wiU  be  considered.  Hints  for  the  enhancement  of  additional 
wavelet  resolutions  will  be  presented  where  needed.  Since  for  the  O-resolution  (r  =  0)  there 
is  only  one  wavelet  coefficient  per  cell  (p  =  0),  the  p  symbols  wiU  be  omitted  from  the 
definition  of  the  b,  c,  d  coefficients,  which  wiU  be  given  by 

7 » if  <=o(o«»...> 

— OO 

with 

co(0  =  ^  r  |^o(OI  e  i]  , 

(x)  "^2 

— dx  w  (3.56) 

i=r-n(i,04 


+00 

I 


4>m{x) 


m>+l/2 


dx 


(3.54) 

(3.55) 
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with 


io(0  =  / 
Jo 


<!>mU)  IVo(OI  e  1)  =  co(»  +  i; 


Thus,  eq.(3.56)  can  be  written  as 


+00 

J  4>m{x) 


^^0,m'+l/2{2^)  j  *  !■  ,  ^\t 

- o - ^  ^  Co(j  +  l)<5m+t-. 


t=-nc,o.i“l 


J  ^m(®) 


0  , 


”6,0.0, 2 


dx  W  ^o(0^m+t,T3 


*=’“”6,0,0,! 


(3.59) 


bo(i)  =  ho.o(0  =  /  |tAo(OI^  ^  (*  +  l/2)]<i? 

Jo 


(3.60) 


with  o(i),  6o(*)>  ^(*)  given  in  Table  (3.1)  [26].  Due  to  symmetries  in  the  integrals  for  the 
0-resolution,  the  coefficients  satisfy  the  conditions:  c(— 1  —  i)  =  — a(t),  6o(— 1  —  *)  =  — &o(0 
and  co(— i)  =  — co(*)  for  i  <  0.  Hence,  the  stencil  lengths  have  to  be:  n6,o,o,i  =  »6, 0,0,2  —  1  = 
Tib  and  nc,o,:  =  ®c,o,2  =  ^c-  These  conditions  are  not  general  and  do  not  hold  for  any 
other  arbitrary  resolution.  The  stencil  size  is  determined  by  the  dispersion  requirements.  It 
has  to  be  noted  that  the  Battle-Lemarie  scaling  function  has  exponential  decay;  thus,  the 
coefficients  a(t)  for  i  >  12  are  not  zero,  but  their  value  is  negligible  (<  10“'*). 

After  applying  the  Galerkin  technique  to  Eqs.(3.36)-(3.38),  the  following  MRTD  equa¬ 


tions  are  derived: 


jpx,H>  _  ,  ipXtpip 

At 


■wpx,ll^<t>  JpX,tlfo4> 


-  ^(  E  «(/Wl/2^/::t/2.i+i'+l-l/2 

i'=“na 

i'=-nc 
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a(0 


bo{i) 


co(0 


0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 


1.29161604157839 
-0.155978843323672 
5.9606303324687290E-02 
-2.929157759806890E-02 
1.5362399457426780E-02 
-8.184462325283712E-03 
4.3757585552354830E-03 
-2.342365356649461E-03 
1.25287771 7042020E-03 
-6.716635068590737E-04 
3.583506907489797E-04 
-1.931321684715780E-04 
1.019327767057869E-04 
-5.613943183518454E-05 
2.834596805928539E-05 
-1.700348604873522E-05 


2.47253977327429 

0.9562282774123074 

0.1660591600788887 

9.392437777679437E-02 

3.141444475216036E-03 

1.349356908709108E-02 

-2.858941810094752E-03 

2.778680514115529E-03 

-1.129446167303586E-03 

7.071507309377701E.04 

-3.491267305845643E-04 

1.952711419194906E-04 

-1.021304423384722E-04 

5.531259273864269E-05 

-2.947330468694831E-05 

1.572110653438641E-05 


0. 

-4.659725793402785E-02 

5.453939813583327E-02 

-3.699957746974982E-02 

2.057449098775452E-02 

-1.115303180864957E-02 

5.976877725279031E-03 

-3.202621363952005E-03 

1.714086849566890E-03 

-9.176508438494196E-04 

4.911754748072018E-04 

-2.629253013538502E-04 

1.407386855875626E-04 

-7.533840689573666E-05 

4.033146235099674E-05 

-2.159462850665844E-05 


Table  3.1:  Coefficients  a(t),  bo{i),  co(t) 
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ric 


j'  =  -nc 


^X.PVO 

■^1-1/2,;  ^■^1-1/2.. 

At 


jpXyXpoVQ 

<:+l-t^.-l/2,j  ~  k^i-\n,. 
At 


j'=-nb 

~  cAz^  ^  )^+l/2-^i-l/2,j+i'+l-l/2 


i'=-nc 


n^-l 


Jp^tW 

At 


jpz^<f>Wo  jpZi^y^ 

>‘+^^i,j-l/2  l‘^i,j-l/2 

At 


no— 1 


i'=— t; 


-no 


nc 


+  E  Co(.')i«A.ffS.5?./2,,.,/2) 

*'=-nc 


eAx 


i'=^na 


nc 


*^=-nc 


.  jpZj^o4>  .  jpZfih^ 

l‘+^^i,j-l/2  *-^..j-l/2  _  1 


»»c 


At 


t'=— rj 


-nc 


nfc~l 


+  E  Mi')*+l/2JS?+*,../2^-l/2) 


nc 

l/2,i-l/2 

+  E  Wi')wi/2J5SX.l/2J-,/2) 


.  pZi^o^o  ,  pz.rpQtl/o  .  nc 

- At - iA^ ^  ^  )*+i/2J?,+,/+i_ 

i'=-ne 


nfc— 1 

E 

t'=:— nfr 


(3.61) 


k+l/2^i-l/2,j-l/2  *-1/2-”»'-1/2,j-1/2 

At 


TTy,(t»t> 

~  I't  •• 


=  ”£‘  “(0*£S!!‘,-v2 

^  i'=:-no 


+  E  c^')kEti?tu-ip)  -  ^(,e' «>(i')‘^r-1/2^+i-+  E 


l'=-ne 

TTy,rh<t>  jxy.Vw^ 

A;+l/2-",-i/2,j-l/2  *-l/2-“»-l/2,j-l/2 

At 

nj,— 1 


i'*- 


no 

nc 


i'=-nc 


=  E  -^(••').£5y,-v2 

^  «'=-nc 


"6— 1  1  n»— 1  ne 

i'=-na 


«'=-.nb 


i'=-nc 
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uy,ouf(i  P’y’C>'i'o 

At 

+  f; 

i'=-nc 

TTy,l(>0^0  rry.V'OVO 

I:+1/2-“.-i/2.j-1/2  ~  >^-l/2^i-l/2.j-l/2 

i'=-nb 


Z  »(■  ur,— 

^  i'=— r 


-Tlo 


-  t  co(/)  +  E 


j'--nc 


^  t'=~nc 


Tlfc  — 1 


1  **D  * 

Z(  y:  co(j')  +  Y.  I’oU'hK-uZ^y^l 

j'=-nc  j'-—nb 


(3.62 


The  indices  i,j  and  k  are  the  discrete  space  and  time  indices  related  to  the  space  and  time 
coordinates  via  x  =  iAx,z  =  jAz  and  t  =  kAt,  where  Ax,Az  are  the  space  discretization 
intervals  in  x-  and  z-direction  and  At  is  the  time  discretization  interval.  The  values  of  the 
stencil  lengths  na,nb,nc  depends  on  the  accuracy  and  dispersion  requirements. 


3.4.1  Modeling  of  Hard  Boundaries 

Unlike  the  FDTD  where  the  consistency  with  the  image  theory  is  implicit  in  the  ap¬ 
plication  of  the  boundary  conditions,  for  MRTD  schemes  based  on  entire-domain  functions 
this  theory  must  be  applied  explicitly  in  the  locations  of  Perfect  Electric  (PEC)  or  Magnetic 
Conductors  (PMC).  The  total  value  of  a  field  component  at  a  specific  cell  is  affected  by  a 
theoretically  infinite  -  practically  finite  -  number  of  ndghbooring  cells  due  to  the  fact  that 
the  basis  functions  extend  from  -oo  to  oo.  Some  of  these  neighbors  may  be  located  on  the 
other  side  of  the  conductor.  This  effect  is  taken  into  consideration  by  applying  the  image 
theory  (Fig.3.5).  In  this  way,  the  physical  boundary  condition  of  zeroing-out  the  E-field  tan¬ 
gential  to  the  PEC  is  automatically  satisfied.  For  example,  even  S3rmmetry  is  applied  for  the 
normal-to-PEC  eledtric  field  components  and  odd  symmetry  for  the  parallel-to-PEC.  Image 
Theory  can  be  implemented  automatically  for  an  arbitrary  number  of  hard  boundaries. 
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The  time-domain  numerical  techniques  are  modeling  the  real  space  by  creating  a  discrete 
numerical  grid.  Sometimes,  this  mesh  does  not  coincide  with  the  electrical  one  and  MRTD 
is  one  example.  The  enhancement  of  wavelets  on  MRTD  requires  a  special  treatment  of 
the  wavelet  components  of  the  normal-to-PEC  electric  field.  Assuming  a  vertical  PEC  in 
(Fig.3.6),  the  electrical  domains  (I)  and  (II)  are  isolated  from  each  other.  That  means  that 
one  wavelet  component  value  of  the  normal  electric  field  EXACTLY  ON  the  PEC  would 
create  a  non-physical  electrical  coupling.  Thus,  TWO  wavelet  components,  one  located 
infimitesimally  left  of  the  PEC  and  the  other  infinitesimally  right  of  the  PEC,  have  to  be 
defined  in  order  to  satisfy  the  electrical  isolation  condition.  The  H-field  component  that 
is  parallel  to  the  PEC  has  to  be  treated  in  a  similar  way.  The  rest  components  of  the  E- 
and  H-field  have  to  be  zeroed-out  on  both  sides  of  the  PEC,  so  one  value  is  sufficient.  In 
FDTD  the  interleaved  positioning  of  the  field  components  on  the  Yee’s  ceU  (which  are  the 
same  with  the  scaling  functions  components  on  the  MRTD’s  cell)  requires  that  the  normal- 
to-PEC  E-field  component  is  located  half  ceU  size  away  from  the  conductor.  In  this  way, 
the  definition  of  only  one  field  component  per  ceU  is  sufficient. 

3.4.2  Modeling  of  Excitation 

Without  loss  of  generality,  the  modeling  of  the  excitation  for  the  2D  and  2.5D  MRTD  is 
presented.  The  3D  algorithm  is  a  direct  extension  of  the  2D.  For  simpUcity,  only  O-resolution 
wavelets  are  used. 

In  order  to  apply  a  point  (pulse)  excitation  P{xo,  Zo)  for  Xo  =  mAa:,  Zo  =  nAz,  the  pulse 
has  to  be  decomposed  in  terms  of  scaling  and  wavelet  functions 

OO  00 

P{xo,Zo)  =  X]  +  + 
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+  XI  H  C«,v(/x.c.,/l,v)  <?(^  +  ^I.o)  ^.*.v) 

oc  cc 

+  X^  XI  ^VoC^r.V' ^2,p)  v{^  "I"  ^i,v)  <P(^  ^z.o) 

/,  „.=-<»  /,,,=-oo 

+  XI  XI  +  r(n  +  /-.v)  •  (3.63) 

with 

rm+0.5  rn+0.5 

C0^(/*,^,/2,^)  =  /  /  ^(m  + /x.^)  <^(n  + /*,^)  dz  di 

•/m—O.S  •/n— 0.5 

Jrm+0.5  An+0.5 

f  /  ^(m  +  /x.^)  ^(n  +  /x,^)  dz  di 

m— 0.5  •/n— 0.5 

£+0.5  rn+0.5 

/  +  W)  <^(«  + 

-0.5  •/n— 0.5 
^m+0.5  ^n+0.5 

=  /  /  ^(m  + /x.v-)  ^(«  +  •  (3-64) 

0.5  ^n— 0.5 

Practically,  the  summations  of  Eq.(3.63)  can  be  truncated  to  a  finite  number  of  terms. 
Usually  6-8  terms  on  each  side  of  the  excitation  point  per  direction  can  offer  an  accuracy 
of  representation  close  to  0.1%.  In  case  the  neigboring  scaling  or  wavelet  functions  are 
located  outside  the  computational  domain  (e.g.  m  +  f,,^  >  n*  or  m  +  <  0  for  a  domain 

[0,  Ux]  to  the  x-direction),  image  theory  has  to  be  applied  for  their  translation  inside  the 
computational  grid. 

If  there  is  no  discontinuity  (hard  boundary  or  dielectric  interface)  in  the  summation 
interval  of  Eq.(3.63),  the  double  integrals  of  Eq.(3.64)  can  be  split  in  two  single  integrals 


/►m+0.5 

/  <f>{m  +  Zx,^)  dx 

Jm— 0.5 

^n+0.5 

/  <t>{n  +  Z;j,^)  dz  =  c^(Zx,^)  c^(Zz,^) 

/n—0.5 

Am+0.5 

/  (f>{7n  +  lxj<i>)  dx 

•/m— 0.5  ' 

rn+0.5 

/  V^(tI  +  Zz,^)  cZ^  =  C^(Zx,^)  C^CZz^V') 

/n-0.5 

^m+0.5 

/  ^(m  +  Zx,v>)  dx 

•/m— 0.5 

rTi+0.5 

/  +  Zjj  rfz  =  C^CZxjV')  C^(Zz,^) 

yn-0.5 

/•m+0,5 

/  ^(m  -1-  Zx.v.)  dx 

ym— 0.5 

-^71+0.5 

/  ^(71+  dz  =  C^(Zx,V>)  C^CZzjV') 

Jn— 0.5 

with  c^,c^  given  in  Tables  (3.2)-(3.3). 
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Due  to  the  symmetries  of  the  Battle- Lemarie  scaling  and  wavelet  functions,  the  decom¬ 


position  coefficients  have  to  satisfy  the  following  conditions 


^0  ”■  1-1  2,.. 

—  c^(  1  ~  0,  1 ,  2, .. 

For  each  time-step,  the  excitation  scaling  and  wavelet  components  have  to  be  superim¬ 
posed  to  the  respective  field  values  obtained  by  the  MRTD  algorithm  in  order  to  provide  a 
transparent  source  similar  to  that  described  in  Ch.2. 


r\^4>,iotOLl 


jpifnp^totdl 


pi  total 


prl/jp^total 


For  the  2.5D-MRTD  algorithm  that  requires  impulse  excitation  in  time-domain,  the  above 
superposition  takes  place  only  for  the  first  time  step  (t=0).  Nevertheless,  for  the  2D-MRTD 
it  has  to  be  repeated  throughout  the  number  of  time-steps  that  the  excitation  is  on.  The 


0 

1 

2 

3 

4 

5 

6 

0.91507 

0.03820 

0.00963 

-0.00863 

0.00502 

-0.00268 

0.00141 

Table  3.2:  Excitation  Scaling  Decomposition  Coefficients 


4 

1 

2 

3 

4 

5 

6 

7 

-0.10250 

0.12115 

0.01501 

-0.00598 

IB 

-0.00139 

Table  3.3:  Excitation  Wavelet  Decomposition  Coefficients 
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appropriate  number  of  the  time-steps  will  depend  on  the  time  dependence  of  the  excitation 
(Gaussian.  Gabor.  ...). 


Arbitrary  excitation  spatial  distributions  f(x,z)  for  an  area  [x]  =  mjAx.XT  =  n?2Axi  x 
[zi  =  niAz,Z2  =  02 Ar]  can  be  modeled  in  a  similar  way.  The  spatial  distribution  has  to 
be  sampled  with  scaling  and  wavelet  functions,  giving  the  new  decomposition  coefficients 


rm2+0.5 

r7i24’0.5 

/ 

/  /(x,x)  </>(mi  -t-  d»(ni  +  dz  dx 

•/ttij— 0.5 

Jrii  —0.5 

^1712+0. 5 

rn2+0,5 

It 

N 

/ 

/  fix,  z)  d>(mi  -I-  Ix,^)  il^ini  +  /z.^)  dz  dx 

•/mi— 0.5  . 

Jn\  —0.5 

rm2+0.5 

rTi2+0.5 

/ 

/  /(x,z)  tljimi  -b  <^(ni  +  /*,^)  dz  dx 
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rm2+0.5 
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/  f{x,z)  ipimi  +  4,^)  ^(ni  +  /j,^)  dz  dx 

fni  -0.5 

For  most  simulations  the  choice  of  —8  <  ^  (tn2  ~  tni)  +  8  and  —8  <  < 

(n2  —  ni)  +  8  offer  an  accuracy  close  to  0.1%. 


3.4.3  IVeatment  of  Open  Boundaries  -  PML  Absorber 

As  it  was  discussed  in  Ch.2,  for  aU  discrete-space  full  wave  techniques  a  special  treatment 
should  be  given  to  geometries  of  interest  defined  in  ”open”  regions  where  the  computational 
grid  is  unbounded  in  one  or  more  directions.  Since  the  computational  domain  is  limited  in 
space  by  storage  limitations,  an  appropriate  boundary  condition  should  be  implemented  to 
effectively  simulate  open  space  and  satisfy  the  radiation  condition.  Berenger  [8]  proposed 
the  Perfect  Matched  Layer  (PML)  Absorber,  which  is  based  upon  splitting  the  E-  and 
H-  field  components  in  the  ABC  area  and  assigning  artificial  electric  and  magnetic  loss 
coefficients.  On  the  condition  that  these  loss  coefficients  satisfy  the  PML  relationship  for 
each  point  of  the  absorber  area,  this  nonphysical  absorbing  medium  has  a  wave  impedance 
less  sensitive  to  the  angle  of  incidence  and  frequency  of  outgoing  waves  than  the  preexisting 
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absorbers.In  this  Subsection,  the  non-split  and  split  extensions  of  the  PML  absorber  for  the 
2D-TM^  Battle-Lemarie  MRTD  are  discussed.  Their  performance  is  going  to  be  validated 
in  Ch.4.  Assuming  that  the  PML  area  is  characterized  by  and  electric  and  magnetic 

conductivities  (<T£,t7//),  the  TM^  equations  can  be  written  by  adding  an  extra  term  to 


Eqs.(3.36)-(3.38) 


dHy  .  jr 


dz 

dHy 

dx 

dE, 

dx 


dE^ 

dz 


(3.65) 

(3.66) 

(3.67) 


Without  loss  of  generality,  PML  cells  only  along  the  z-direction  are  considered.  The  exten¬ 
sion  to  the  X-  and  y-  directions  is  straightforward.  For  each  point  z  of  the  PML  area,  the 
magnetic  conductivity  an  needs  to  be  chosen  as  [8]: 


gg('g)  _  gg(z) 

fo  Mo 


(3.68) 


for  a  perfect  absorption  of  the  outgoing  waves.  A  parabolic  spatial  distribution  of 


=  <^£,^(1  -  jY  .  with  p=2  for  0  <  z  <  ^ 


(3.69) 


is  used  in  the  simulations,  though  higher  order  distributions  (e.g. Cubic  p=3)  can  give  similar 
results.  The  PML  area  is  terminated  with  a  PEC  and  usually  has  a  thickness  varying 
between  4-32  cells.  The  maximum  value  is  determined  by  the  designated  reflection 
coefficient  R  at  normal  incidence,  which  is  given  by  the  relationship 

R  =  e~'tcL  .  (3.70) 


In  MRTD,  the  PML  area  can  be  modeled  by  discretizing  the  above  equations  in  a  similar 
way  to  the  non-conductive  area  described  in  the  beginning  of  Section  3.4  and  split  and 
non-split  formulations  can  be  derived. 


Similarly,  the  PML  equations  for  the  TE'  can  be  written  as. 


dH: 

Mc.-^  +  (^hH: 


dEy 

dz 


dt 

dEy 

dt 


+  crgEy  =  — 


dEy 
dx 

dH,  _ 

dx  di 


dH^ 


(3.71) 

(3.72) 

(3.73) 


Split  Formulation 

Following  the  approach  of  [8],  Hy  is  split  in  two  subcomponents,  Hyx,  Hyz  and  Eqs.(3.65)- 
(3.67)  are  written  as, 

dEx 

dE, 


_ -IE.  A.  fTi?(x\F  — 


dt 


dz 

dH«x  +  H« 


f^o 


"  dt 

dHyx  _  dEz 


tyx  T  **yz 

dx 


dt 


dx 


dHyz  ,  r  MT 
Ho  +<rH{z)Byz  - 


(3.74) 

(3.75) 

(3.76) 

(3.77) 


For  the  sake  of  simplicity  in  the  presentation  and  without  loss  of  generality,  the  fields 
Ex,  Eg,  Hyx,  Hyz  are  expanded  in  terms  of  scaling  functions  only  in  space  domain  and  pulse 
functions  in  time  domain.  By  applying  Galerkin’s  technique  [26,  53],  the  following  split 
PML  equations  are  obtained 


1 


Az 

Tlo^l 


.(c"4^‘/«o  _  1) 


n... 


1'=— no 


rpZy4>4>  _  , 


At 


^  )ik+l/2^i+f+i^l/2J-i/2  +  k+\/2^i+*+i-i  12,3-1/2) 

1'=— n« 


k+l/2^i-l/2,j-l/2 


€oAx  .,A- 

*'  t's:— na 

TTyx,4xt> 

-  fc-l/2«,_l/2,j-l/2 
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At 


Ha-l 


I  —  “”  flq 


tryz,^^  _  — rjl/z.oo 

t+l/2",_i/2,j-l/2  ~  ^  *-l/2-”i-l/2,j- 


1/2 


1 


TIq  ~  1 


(3.78) 


Az  CTj^  ^ 

Exponential  time-stepping  is  being  used  for  the  field  components  affected  by  the  PML  con¬ 
ductivities  CEi  Due  to  the  entire-domain  nature  of  the  Battle-Lemarie  scaling  functions, 
the  PML  conductivity  must  be  sampled  by  them  over  at  least  12  cells  (6  cells  per  side), 


rj+6 

Jj—6 


(3.79) 


Image  theory  is  applied  to  extend  the  conductivity  layer  outside  the  terminating  PEC’s.  The 
presented  formulation  follows  the  idea  introduced  by  Berenger  for  the  FDTD.  Nevertheless, 
an  efficient  non-split  form  of  the  PML  equations  does  not  demand  extra  memory  for  the 
storage  of  two  Hy  subcomponents  per  cell. 


Non-split  Formulation 

Substituting  in  Eqs.(3.65)-(3.67)  [54]: 


Ei{x,  z,  t)  =  Ei{x,  z,  (3.80) 

and 

Hj{x,  z,  t)  =  Hj{x,  z,  t)e-<>B{z)tl^o  (3^81) 


for  i=x,z  and  j=y  leads  to  the  following  system  of  equations: 


dE^  ’  dHy 
dt  dz 

dE^  _ 
dt  ~  dx 


(3.82) 

(3.83) 
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3.4.4  Total  Field  Calculation 

Due  to  the  nature  of  the  Battle- Lemarie  expansion  functions,  the  total  field  is  a  sum¬ 
mation  of  the  contributions  from  the  non-localized  scaling  and  wavelet  functions.  For 
example,  the  total  electric  field  Ex{xo,Zo,to)  with  {k  —  1/2)  A/  <  to  <  (k  1/2)  At, 
(i  —  1)  Ax  <  Xo  <  i  Ax  and  (j  —  1/2)  Az  <  Zg  <  {j  + 1/2)  Az  is  calculated  in  the  same  way 
with  [26,  53]  by 

h 

Ex{Xo,Zo,to)  =  ^ 

+  ^  ^  ^«+«'-l/2(®o)  ^j+j',p,(^o) 

TxSsO  /2,r  Px=0 


^moT  ^  JL-  ^ 

+  XI  X-  ^  ^^i+x‘-\]2,}+]'  ^■i  +  i'-l/2.px(^o)  Oj+j'(ro) 

rx=:0  |',j'=-/3.r  Pt=0 
rma,  '<-•  2’-*’-*-l 

+  H  *^-^i+i'-l72,j+J'  ^’i+i'-i/2.px(^°^  ^  j+;'.P.-(-‘’) 

r,,r,=0  i>,j'=-li,r  P».P»=0 

(3.86) 


where  (;i„(i)  =  <A(^  “  «)  and  ^;,p(i)  =  2’’/2  V’o(2’’[^  -  n]  -  p)  represent  the  Battle- 
Lemarie  scaling  and  r-resolution  wavelet  function  respectively  and  r^ax  is  the  maximum 
wavelet  resolution  used  in  this  area  of  the  computational  domain.  It  has  been  observed 
that  the  values  /j  =  hfi  =  hfi  =  U,o  =  10  and  h,!  =  /s.i  =  U,i  =  6  offer  accuracy  close  to 
0.5%  for  most  simulations  incorporating  the  first  two  wavelet  resolutions.  For  the  cases  of 
narrow  strips  with  very  sharp  field  discontinuities,  the  summation  limits  must  increase  up 
to  15-20  terms  per  direction. 

The  fact  that  the  MRTD  is  based  on  entire-domain  basis  functions  with  varying  values 
along  each  cell  offers  the  unique  opportunity  of  a  multi-point  field  representation  per  cell. 
The  neighboring  scaling  and  wavelet  coefficients  can  be  combined  in  an  appropriate  way  to 
calculate  the  total  field  value  for  more  than  one  interior  cell  points.  In  this  way,  MRTD 
creates  a  mesh  with  much  larger  density  than  that  offered  by  the  nominal  number  of  the 
cells  without  increasing  the  memory  requirements.  This  additional  density  is  very  useful 
in  the  calculation  of  the  characteristic  impedance  of  planar  lines,  where  even  a  small  field 
variation  can  cause  a  perturbation  of  the  impedance  value  by  5  —  lOfl.  On  the  contrary, 
FDTD  is  based  on  pulse  basis  functions  that  have  a  constant  value  for  each  cell,  offering  a 
single-point  field  representation. 
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3.5  Conclusions 


After  reviewing  the  generd  principles  of  Multiresolution  Analysis,  novel  time-domain 
schemes  based  on  expansions  in  scaling  and  wavelet  functions  (MRTD)  have  been  derived. 
FDTD  implementation  schemes  (excitation,  hard/open  boundary  and  dielectric  interfaces) 
have  been  extended  to  Multiresolution  schemes  based  on  entire-domain  expansion  basis, 
while  maintaining  similar  performance  characteristics.  These  schemes  offer  the  unique  op¬ 
portunity  of  a  multi-point  field  representation  per  cell.  Battle-Lemarie  functions  eu-e  used 
throughout  the  dissertation  due  to  their  special  qualities. 
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BL  Cubic  Spline  Scaling  -  Spatial  Domain 


Figure  3.1:  BL  Cubic  Spline  Scaling  -  Spatial  Domain. 


BL  Cubic  Spline  Wavelet  -  Spatial  Domain 


Figure  3.2:  BL  Cubic  Spline  Wavelet  -  Spatial  Domain. 
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BL  Cubic  Spline  Scaling  -  Spectral  Domain 


BL  Cubic  Spline  Wavelet  -  Spectral  Domain 
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Figure  3.5:  Image  Theory  Application  for  tangential-to-PEC  E-field 
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Figure  3.6:  Treatment  of  Wavelet  Components  of  normal-to-PEC  £-field. 
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CHAPTER  4 


Characterization  of  Microwave  Circuit  Components 
Using  the  Multiresolution  Time  Domain  Method  (MRTD) 


4.1  Introduction 

Recently,  the  Battle-Lemarie  based  MRTD  technique  has  been  successfully  applied  [26, 
53,  54]  to  a  variety  of  microwave  problems  and  has  demonstrated  unparalleled  properties. 
When  applied  to  linear  as  well  as  nonhnear  propagation  problems,  it  has  exhibited  MRTD 
schemes  based  on  other  entire-domain  expansion  basis  can  be  developed  in  a  similar  way  by 
calculating  the  appropriate  summation  coefficients.  The  use  of  Battle-Lemarie  basis  allows 
for  a  more  simplified  evaluation  of  the  moment  method  integrals  is  simplified  due  to  the 
existence  of  closed  form  expressions  in  spectral  domain  and  simple  representations  in  terms 
of  cubic  spline  functions  in  space  domain.  The  use  of  non-localized  basis  functions  cannot 
accomodate  localized  boundary  conditions.  To  overcome  this  difficulty,  the  image  principle 
is  used  to  model  perfect  electric  and  magnetic  boundary  conditions.  Pulse  functions  are 
used  as  expansion  and  test  functions  in  time-domain.  In  this  Chapter,  a  2.5D  MRTD  scheme 
is  developed  and  applied  to  a  variety  of  shielded  and  open  of  transmission  line  problems. 
Specifically,  propagation  constant,  characteristic  impedance  and  field  patterns  are  derived 
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for  shielded  and  open  transmission  line  structures  and  compared  to  FDTD  results.  For  the 
treatment  of  open  boundaries.  Berenger's  P.ML  principles  [8]  have  been  e.xtended  in  split 
and  non-split  form,  so  as  they  can  be  used  for  entire-domain  basis  MRTD  schemes. 


4.2  The  2.5D-MRTD  scheme 


For  simplicity,  an  overview  of  the  2.5D-MRTD  scheme  is  presented  for  a  homogeneous 
medium.  The  derivation  is  similar  to  that  of  the  2D-MRTD  scheme  in  CH.3,  which  uses  the 
method  of  moments  with  pulse  functions  as  expansion  and  test  functions.  The  magnetic 
field  components  are  shifted  by  half  a  discretization  interval  in  space  and  time-domain  with 
respect  to  the  electric  field  components. 

Using  the  approach  of  [55],  Maxwell’s  curl  equations  for  a  homogeneous  medium  with 
the  permittivity  c  and  the  permeability  fi  can  be  written  in  the  following  form 


dEy 

^  dt 
dE^ 

^  at 


dH, 

dy 


+  aSy 


-an 

dx 


dHy  dHx 

dx  dy 


(4.1) 

(4.2) 

(4.3) 


where  /3  is  the  propagation  constant  and  j  =  \/^.  The  electric  and  magnetic  field  com¬ 
ponents  incorporated  in  these  equations  are  expanded  in  a  series  of  Battle- Lemarie  scaling 
and  wavelet  functions  in  both  x-  and  y-directions.  For  example.  Ex  can  be  represented  as: 


eo 

+00  -»-oo  ,, 

+  E  E  E  ‘‘W  A-iM*) ««,(!-) 

k,l^m=^oo  TytrO  Py=0 
+00  +00 

k,l,m=—oo  r»=0 
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CHAPTER  4 


Characterization  of  Microwave  Circuit  Components 
Using  the  Multiresolution  Time  Domain  Method  (MBTD) 


4.1  Introduction 

B^ttte-Lftnutnc  bssod  has  bwii  $ttcce88&]]y  applied  [31^ 

58,  59]  to  a  variety  of  microwave  problems  and  has  demonstrated  unparalleled  propettias. 
When  applied  to  linear  as  well  as  nonlinear  propagation  problems,  it  has  exhibited  MR3D 
schemes  based  on  other  entire-domain  expansion  basis  can  be  developed  in  a  rimHai- 
calcnlatiag  the  appropriate  summation  coefficients.  The  use  of  Battte-Lemarie  basis  allows 
for  a  more  simpMed  evaluation  of  the  moment  method  integrals  is  simpUfied  due  to  the 
existence  of  dosed  form  expressions  in  spectra!  domain  and  simple  representations  in  terms 
of  cubic  spline  fnnetions  in  space  domain.  The  use  of  non-localized  baias  fimetions  cannot 
accommodate  localized  boundary  conditions.  Ib  overcome  this  difficulty,  the  image  principle 
is  used  to  model  perfect  electric  and  magnetic  boundary  conditions.  Pulse  functions  are 
used  as  expansion  and  test  functions  in  time-domain.  In  this  Chapter,  a  2.5D  MRTD  schmne 
is  developed  and  appEed  to  a  variety  of  shielded  and  open  of  transmission  line  problems. 
Spediically,  propagation  constant,  characteristic  impedance  and  field  patterns  are  derived 
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to  <  (/t+  1/2)A^  Ax  <  Xo  <  iAx  and  (j  -  1/2)  Ay  <  yo  <  (j  +  1/2)  Ay  is  calculated  by 
ExiXo, Vo, to)  -  j  j  J  ^T(^^y^t)6(x  -  Xo)S{y  -  yo)S{1  -  to)dx  dydi 

=  k£i^ii_ipj^j>d>i+i'-i/2{^o)d>]+j’{yo) 

^  d>i+i'-l/2i^o)  d>j+j'{yo)  •  (4.6) 

Extending  the  dispersion  analysis  from  2D  to  2.5D  space,  the  stability  condition  for  the 
2.5D  S-MRTD  scheme  results  in 


+ (*)’)  IS'  + (f 

with  the  wave  propagation  velocity  c.  It  is  preferable  to  choose  At  at  least  1. 2-2.5  time  less 
than  the  stability  limit.  In  this  way,  much  more  linearity  of  the  dispersion  characteristics 
is  achieved. 


4.3  Applications  of  the  2.5D-MRTD  scheme  to  Shielded  Trans¬ 
mission  Lines 

First,  the  2.5D-MRTD  scheme  is  applied  to  the  analysis  of  shielded  stripline  and  mi¬ 
crostrip  lines  to  investigate  propagation  and  coupling  effects.  Results  for  these  shielded 
structures  are  presented  and  discussed  separately  below. 

A  shielded  stripline  is  a  simplified  version  of  a  membrane  microstrip  shown  in  (Fig.4.1a). 
The  metallic  shield  has  dimensions  47.67n7n  x  22.0mTn  and  the  central  strip  has  length 
11.9mm.  The  stripline  is  filled  with  air  (cr  =  !•)•  The  analysis  for  the  higher  order 
propagating  modes  is  straightforward.  For  the  analysis  using  Yee’s  FDTD  scheme,  a  40  x  10 
mesh  was  used  resulting  in  a  total  number  of  400  grid  points.  When  the  structure  was 
analyzed  with  the  2.5D-MRTD  scheme  ,  a  mesh  8  x  4  (32  grid  points)  was  chosen  reducing 
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Mode 

TEM 

Shield  TE\o 

.4nalytic  values 

1.4324  GHz 

3.4615  GHz 

8x2  MRTD 

1.4325  GHz 

3.4648  GHz 

Rel.  Error 

0.007% 

0.095% 

8x4  MRTD 

Rel.Error 

0.007% 

0.075% 

16x4  MRTD 

1.4325  GHz 

3.4633  GHz 

Rel.Error 

0.007% 

0.052% 

40x10  FDTD 

1.4322  GHz 

3.4585  GHz 

Rel.Error 

-0.014% 

-0.087% 

Table  4.1:  Mode  frequencies  for  =  30 


the  total  number  of  grid  points  by  a  factor  of  12.5.  In  addition,  the  execution  time  for  the 
analysis  was  reduced  by  a  factor  of  3  to  4.  The  time  discretization  interval  was  chosen  to 
be  identical  for  both  schemes  and  equal  to  the  0.8  of  the  2.5D-MRTD  maximum  At.  For 
the  analysis  0  =  Z0  was  used  and  5,000  time-steps  were  considered. 

From  (Table  4.1)  it  can  observed  that  the  calculated  frequencies  of  the  two  first  prop¬ 
agating  modes  for  /?  =  30  by  use  of  2.5D-MRTD  scheme  are  very  close  to  the  theoretical 
values,  since  the  largest  error  is  less  than  0.1%.  The  relative  error  of  the  2.5D-MRTD  calcu¬ 
lated  frequencies  is  always  positive,  which  corresponds  to  an  overestimation  of  the  resonant 
frequencies.  This  is  exactly  what  has  to  be  expected  from  the  dispersion  behavior  of  the 
MRTD  schemes. 

The  non-localized  character  of  the  basis  functions  offers  the  opportunity  to  calculate  the 
field  values  in  any  point  of  the  discretization  cells.  The  field  values  at  the  neighbooring  cells 
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can  be  combined  appropriately  by  adjusting  the  scaling  functions'  \-aJues  and  by  applying 
the  image  principle.  For  example,  the  total  electric  field  Ei{To,yoJo)  "'ith  {k  -  1/2)  A/  < 
to  <  {k  +  1/2)  At  is  calculated  by  Eq.(4.6)  by  simply  truncating  the  i'.j'  summation  from 
/j  =  —12,  ..,12  for  each  index.  That  means  that  the  summation  based  only  at  the  12 
neighbooring  cells  from  each  side  gives  the  total  field  component  values  with  good  accuracy. 
In  (Fig.4.2-4.4),  the  value  of  the  Ey  field  has  been  calculated  and  plotted  for  the  4  cells 
exactly  below  the  strip  by  use  of  the  2.5D-MRTD  scheme.  The  relative  position  of  the  strip 
is  from  15  to  25  .  For  the  TEM  mode  the  pattern  obtained  by  use  of  the  conventional  FDTD 
scheme  is  plotted  for  comparison.  For  the  shield  TEio  mode,  the  analytically  calculated 
pattern  has  been  added  for  reference.  All  results  are  normalized  to  the  peak  value.  It  can 
observed  that  the  agreement  of  the  MRTD  calculated  field  pattern  with  the  reference  data 
is  very  good  for  the  shield  TEio  mode,  where  the  values  are  changing  slowly  (sinusoidally) 
(Fig.4.2).  On  the  contrary,  for  the  TEM  mode  where  the  edge  effect  is  more  prominent,  the 
agreement  is  not  good.  In  this  case,  wavelets  of  0- Resolution  are  added  in  both  directions  to 
describe  the  higher  spatial  frequencies.  It  can  be  observed  from  (Fig.4.3)  that  the  wavelet 
coefficients  for  the  8x4  grid  have  a  significant  contribution  (>  10%)  close  to  the  stripline. 
Increasing  the  grid  size  from  8  to  16  to  the  strip  direction  and/or  from  4  to  8  to  the  normd 
to  the  strip  direction  improves  more  the  accuracy  of  the  field  representation  (Fig.4.4). 

The  characteristic  impedance  Zo  for  the  TEM  mode  of  the  stripline  is  computed  from 
the  equation: 


’  _  Y.  — 

^  -  I  -  §c^Hdl 


(4.8) 


where  the  integration  paths  Cv  and  Cc  are  shown  in  (Fig.4.1a).  Since  both  of  the  schemes 
used  in  the  analysis  are  discrete  in  space-domain,  the  above  integrals  are  transformed  to 
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Subpoints/ceU 

(fi) 

Relative  error 

zr  (fi) 

Relative  error 

3 

80.56 

-15.71  % 

84.04 

-12.07  % 

5 

94.46 

-1.17  % 

92.55 

-3.17  % 

7 

99.06 

-1-3.64  % 

94.59 

-1.04  % 

9 

101.44 

-1-6.13  % 

94.96 

-0.65  % 

11 

97.56 

+2.07  % 

95.01 

-0.60  % 

Table  4.2:  Zo  for  different  number  of  subpoints/cell  (8x4  Grid). 


summations.  For  the  FDTD  summations,  only  one  field  value  per  cell  is  needed,  due  to  the 
fact  that  pulse  expansion  functions  which  are  constant  for  each  cell  are  utilized.  On  the 
contrary,  for  the  2.5D-MRTD  summation  the  field  values  for  a  number  of  subpoints  along 
the  integration  path  have  to  be  calculated,  since  the  expansion  functions  are  not  constant 
for  each  cell.  It  can  be  observed  from  (Table  4.2)  that  the  accuracy  of  the  calculation  of 
the  characteristic  impedance  is  improved  by  increasing  the  number  of  subpoints  per  cell,  at 
which  the  field  values  are  calculated.  An  accuracy  better  than  1%  is  achieved  if  the  field 
values  are  computed  for  more  than  9  subpoints  per  cell  along  the  integration  path  for  the 
scheme  including  wavelets  of  0-resolution  to  both  directions.  On  the  contrary,  the  value  of 
Zo  that  is  calculated  from  the  scheme  based  only  on  scaling  functions  is  oscillating,  thus 
indicating  that  a  denser  mesh  is  required.  The  analytical  value  of  the  Zo  is  95.58  fl  [56]. 

The  modification  of  the  dimensions  of  the  MRTD  mesh  (Table  4.3)  shows  that  the 
accuracy  of  the  calculation  of  the  Zo  by  use  of  the  MRTD  is  much  better  than  that  of  the 
Yee’s  FDTD  scheme  with  a  40x10  mesh  (relative  error  -3.28%). 

A  similar  procedure  is  used  for  the  analysis  of  the  shielded  coupled-stripline  geometry 
of  (Fig.4.1b)  for  the  first  even  and  odd  mode.  Both  strips  have  a  length  of  11.9mm,  the 
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(fi) 

Relative  error 

Analyt.  Value 

95.58 

0.091 

8x4  MRTD 

95.01 

-0.6091. 

8x8  MRTD 

95.19 

-0.41% 

16x4  MRTD 

95.71 

0.14% 

40x10  FDTD 

92.44 

-3.28% 

Table  4.3:  Zo  for  different  mesh  sizes  (11  subpoints/cell). 

distances  between  them  is  11.9mm,  from  the  top  and  bottom  PEC’s  are  11.0mm  and  from 
the  left  and  right  PEC’s  are  11.9mm.  The  structure  is  filled  with  air  (cr  =  !•)• 
analysis  with  the  conventional  FDTD  scheme,  a  70  x  20  mesh  resulted  in  a  total  number 
of  1400  grid  pints.  The  same  accuracy  is  achieved  by  an  MRTD  mesh  14  x  4  (56  grid 
points)  resulting  in  an  economy  of  memory  by  a  factor  of  25.  The  space  distribution  of  the 
tangential-to-stripline  E  is  plotted  in  logarithmic  scale  in  (Fig.4.5)  for  the  even  mode. 

The  2-D  MRTD  technique  is  also  used  for  the  analysis  of  a  shielded  microstrip  (Fig.4.1c) 
with  width  9.9mm  on  a  dielectric  substrate  with  Cr  =  10.65  and  thickness  11mm.  The  mi¬ 
crostrip  is  placed  in  the  center  of  a  rectangular  shield  69.3mm  x  44mm.  The  same  accuracy 
for  the  characteristic  impedance  calculation  (Theoretical  Zo  —  50  Ohms)  is  achieved  by  an 
FDTD  mesh  140  x  80  and  an  MRTD  mesh  28  x  20resulting  in  an  economy  in  memory  by 
a  factor  of  20. 
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4.4  Validation  of  the  MRTD-PML  Split  and  Non-split  Algo¬ 


rithms 

The  extension  of  the  popular  PML  absorber  [8]  principles  for  MRTD  applications  has 
been  presented  in  CH.3.  In  this  Section,  the  numerical  performance  of  this  absorber  is 
investigated  for  4-32  cells  and  for  different  cell  sizes  (A/lO-A/2.5).  Specifically,  propagation 
constant,  characteristic  impedance  and  field  patterns  are  derived  for  open  transmission  lines 
and  compared  to  2D  results. 

A  paraUel-plate  waveguide  of  width  d=48  mm,  terminated  at  both  ends  by  PML,  is 
used  to  validate  the  described  algorithm.  A  TM^  line  source  with  a  Gabor  time  variation 
is  excited  close  to  the  one  side  of  the  waveguide.  The  benchmark  MRTD  solution  with 
no  reflections  is  obtained  by  simulating  the  case  of  a  much  longer  parallel-plate  waveguide 
of  the  same  width  to  provide  a  reflection-free  observation  area  for  the  time  interval  of 
interest.  A  quadratic  variation  in  PML  conductivity  is  assumed  for  all  cases,  with  maximum 
theoretical  reflection  coefficient  of  10“®  at  normal  incidence.  Two  frequency  ranges  are 
investigated,[0, 0.9/f ^‘]  (TEM  propagation)  and  [0,0.9/J*^*]  {TEM-\-TM\  propagation), 
where  ~  ^  ~  3.125  n  (GHz)  is  the  cutoff  frequency  of  the  TMn  mode.  The  time-step 
is  chosen  to  be  0.637  of  the  Courant  limit  according  to  the  stability  analysis  of  Ch.5. 

For  the  TEM  propagation  frequency  range,  it  can  be  seen  from  Figs.(4.6)-(4.8)  that 
for  dense  grids  (Cell  Size  =  A^ox/lO)  even  8  PML  cells  offer  a  numerical  reflection  close 
to  -80  dB.  Different  values  of  theoretical  maximum  reflection  ranging  from  10“®  to  10~® 
don’t  change  significantly  the  numerical  performance  of  the  absorber  (variation  of  4-5  dB’s). 
When  16  PML  cells  .are  used,  the  spurious  reflection  is  below  -100  dB  for  the  whole  frequency 
range.  Similar  conclusions  can  be  drawn  for  the  multimodal  propagation  {TEM  TMx)  in 
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Fig. (4. 9).  It  can  be  observed  that  8  and  16  PML  ceUs  cause  a  numerical  reflection  close  to 
-70  dB  and  below  -100  dB  respectively.  For  coarse  grids  with  cell  sizes  close  to  the  Nyquist 
limit  (CeU  Size  =  Amai/2.5),  the  behavior  of  the  PML  layer  changes.  The  Large  cell  size 
causes  retrospective  reflections  between  the  lossy  cells  and  the  numerical  reflections  from 
the  absorber  increase.  Thus,  a  larger  number  of  cefls  is  required  to  obtain  an  acceptable 
reflection  coefficient.  Fig.(4.10)-(4.11)  show  that  at  leeist  32  cells  are  needed  for  reflection 
around  -50  dB  for  the  high  frequencies.  Again,  the  reflection  at  lower  frequencies  is  negligible 
(below  -100  dB’s).  It  should  be  emphasized  that  the  loss  coefficients  assigned  to  each  cell 
must  be  given  by  Eq.(3.79);  that  implies  that  the  conductivity  profile  must  be  sampled  with 
the  scaling  and  wavelet  functions  that  have  a  sigiuflcant  value  in  the  PML  layer.  For  all 
simulations,  scaling  (and  wavelet)  functions  located  up  to  6  cells  away  from  the  PML  layer 
are  used  for  the  sampling.  When  this  procedure  is  not  applied  and  the  loss  coefficients  get 
the  point  value  of  the  loss  distribution  at  each  cell  (FDTD  approach),  the  PML  performance 
gets  worse  as  it  is  displayed  at  Fig.(4.12).  It  should  be  noted  that  the  performances  of  the 
split  and  the  non-split  formulations  are  almost  identical  as  it  is  displayed  in  Fig.(4.13). 

4.5  Application  of  PML  to  the  Analysis  of  Open  Stripline 
Geometries 

The  PML  non-split  algorithm  presented  in  Section  3.3.2  can  be  easily  extended  for  the 
2.5D  and  the  3D  MRTD  algorithms  incorporating  scaling  and  wavelet  functions  maintain¬ 
ing  the  same  performance  characteristics.  For  each  resolution  added  to  the  scheme,  the 
conductivity  must  be  sampled  with  an  appropriately  positioned  wavelet  function.  It  was 
observed  that  5ii  changes  only  by  1-1.6  dB  after  the  enhancement  of  multiple  resolutions. 
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In  this  section,  the  2.5D  MRTD  scheme  is  applied  to  the  analysis  of  open  single  and  coupled 
striplines  to  investigate  propagation  eind  coupling  effects.  In  all  simulations  only  wavelets  of 
the  0-resolution  are  used  for  both  directions,  since  the  \’alue  of  the  higher  resolution  fields 
is  negligible  (smaller  than  1%). 

First,  the  2.5D  MRTD  scheme  is  applied  to  the  analysis  of  the  open  stripline  for  the 
first  (quasi-TEM)  propagating  mode.  The  analysis  for  the  higher  order  propagating  modes 
is  straightforward.  The  central  strip  has  a  length  of  23.8mm  and  the  distances  from  the  top 
and  bottom  are  5.5mm  and  16.5mm  respectively.  The  structure  is  filled  with  air  (cr  =  !•)• 
The  PML  absorber  is  applied  for  4  cells  to  the  left  and  the  right  sides  of  the  structure 
and  the  maximum  theoretical  reflection  is  jRmoi=le-7.  For  the  analysis  using  Yee’s  FDTD 
scheme,  a  42  x  28  mesh  is  used  resulting  in  a  total  number  of  1176  grid  points.  Analyzing 
the  structure  with  the  2D-MRTD  scheme,  a  mesh  12  x  4  (48  grid  points)  is  chosen  to  reduce 
the  total  number  of  grid  points  by  a  factor  of  24.5  .  In  addition,  the  execution  time  for 
the  analysis  is  reduced  by  a  factor  of  4  to  5.  The  time  discretization  interval  is  chosen 
to  be  identical  for  both  schemes  and  equal  to  1/10  of  the  2D-MRTD  maximum  At.  For 
the  analysis  ^  =  30  is  used  and  20,000  time-steps  axe  considered.  Prom  (Table  4.4)  it  can 
observed  that  the  calculated  frequencies  of  the  dominant  propagating  mode  for  =  30  by 
use  of  2D-MRTD  scheme  is  very  close  to  the  theoretical  values,  since  the  largest  error  is 
less  than  0.1%,  for  mesh  sizes  much  smaller  than  those  used  for  the  conventional  FDTD 
simulations. 

In  (Fig.4.14),  the  pattern  of  the  Ey  fleld  just  below  the  strip  has  been  calculated  and 
plotted  by  use  of  the  2D-MRTD  scheme.  The  pattern  obtained  by  use  of  the  conventional 
FDTD  scheme  is  plotted  for  comparison.  Since  the  edge  effect  is  prominent,  a  mesh  12  x  8 
(96  grid  points)  with  scaling  functions  and  wavelets  of  0-resolution  is  used  for  the  MRTD 


96 


Mode 

TEM 

Rel.  Error 

Analytic  values 

1.4324  GHz 

0.000% 

12x4  MRTD 

1.4329  GHz 

0.035% 

12x8  MRTD 

1.4325  GHz 

0.007% 

42x28  FDTD 

1.4321  GHZ 

-0.021% 

Table  4.4:  Dominant  mode  frequency  for  =  30 

simulation.  The  characteristic  impedance  Zo  for  the  quasi-TEM  mode  of  the  stripline  is 
computed  from  Eq.(4.8). 

For  the  FDTD  summations,  only  one  field  value  per  cell  is  needed,  due  to  the  fact  that 
pulse  expansion  functions  which  are  constant  for  each  cell  are  utilized.  On  the  contrary,  for 
the  2D-MRTD  summation  the  field  values  for  a  number  of  subpoints  along  the  integration 
path  have  to  be  calculated,  since  the  expansion  functions  are  not  constant  for  each  cell. 
(Table  4.5)  shows  that  the  accuracy  of  the  calculation  of  the  characteristic  impedance  is 
improved  by  increasing  the  number  of  subpomts  per  cell,  at  which  the  field  values  are 
calculated.  An  accuracy  better  than  1%  is  achieved  if  the  field  values  are  computed  for 
more  than  9  subpoints  per  cell  along  the  integration  path.  (Table  4.5)  shows  the  calculated 
values  of  the  characteristic  impedance  Zo- 

A  similar  procedure  was  used  for  the  analysis  of  the  open  coupled-stripline  geometry  of 
(Fig.4.15)  for  the  dominant  even  and  odd  modes.  Both  strips  have  a  length  of  23.8mm, 
the  distances  between  them  is  23.8mm,  from  the  top  PEC  16.5mm  and  from  the  bottom 
PEC  5.5mm.  The  MRTD-PML  layer  has  a  thickness  of  4  cells  (23.8mm)  with  maximum 
reflection  Rmoi:=1^7  and  starts  exactly  at  the  edge  of  the  striplines.  The  structure  is  filled 
with  air  (cr  =  !•)•  analysis  with  the  conventional  FDTD  scheme,  a  65  x  20  mesh 
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Zo  m 

Relative  error 

Analyt.  Value 

56.83 

0.09J 

12x4  MRTD 

57.24 

4-0.72% 

12x8  MRTD 

57.09 

-1-0.46% 

42x28  FDTD 

54.96 

-3.29% 

Table  4.5:  Zo  for  different  mesh  sizes. 


resulted  in  a  total  number  of  1300  grid  points.  The  same  accuracy  is  achieved  by  an  MRTD 
mesh  20  X  4  (80  grid  points)  resulting  in  an  economy  of  memory  by  a  factor  of  16.25.  The 
space  distribution  of  the  tangential-to-stripline  E  is  plotted  in  logarithmic  scale  in  (Fig.4.16) 
for  the  even  mode  and  in  (Fig.4.17)  for  the  odd  mode. 


4.6  Conclusion 

A  multiresolution  time-domain  scheme  in  2D  has  been  applied  to  the  numerical  analysis 
of  shielded  and  open  striplines  and  microstrips.  The  field  patterns  and  the  characteristic 
impedance  have  been  calculated  and  verified  by  comparison  to  reference  data.  In  compar¬ 
ison  to  Yee’s  conventional  FDTD  scheme,  the  proposed  2.5D-MRTD  scheme  offer  memory 
savings  by  a  factor  of  25  and  execution  time  savings  by  a  factor  of  about  4-5  maintaining  a 
better  accuracy  for  characteristic  impedance  calculations.  This  indicates  memory  savings  of 
a  factor  5  per  dimension  leading  to  two  orders  of  memory  savings  in  three  dimensions.  Com¬ 
pared  to  2.5D-FDTD,  25  times  less  cells  in  MRTD  require  about  5  times  less  running  time, 
thus  the  computation  time  per  cell  is  increased  by  a  factor  of  5.  This  leads  to  computation 
time  savings  of  more  than  one  order  for  3  dimensional  structures.  For  structures,  where  the 
edge  effect  is  prominent,  additional  wavelets  have  to  be  introduced  to  improve  the  accuracy 
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when  using  a  coarse  MRTD  mesh.  A  non-split  PML  absorber  has  been  evaluated  and  its 
performance  is  similar  to  that  of  the  conventional  FDTD  Split  PML  absorber  (reflections 
close  to  -100  dB). 
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Figure  4.1:  Printed  Lines  Geometries. 
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Figure  4.5:  Tangential  E-field  Dbtribution  (Shielded  -  Even  Mode). 
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Figure  4.9:  Multimodal  Propagation  -  Dense  Grid. 
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TEM  Propagation  —  Cell  Size  Lmax/2.5 


Figure  4.10:  TEM  Propagation  -  Coarse  Grid. 
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Figure  4.11:  Multimodal  Propagation  •  Coarse  Grid 
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Figure  4.14:  Open  Single  Stripline  -  Ey  TEM  Distribution. 


Figure  4.15:  Open  Coupled  Stripline  Geometry. 
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Figure  4.17:  Tangential  E-field  Distribution  (Open  -  Odd  Mode). 
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CHAPTER  5 


Stability  and  Dispersion  Analysis  of  Multiresolution 
Time-Domain  Schemes 


5.1  Introduction 

Discretized  Time- Domain  numerical  techniques  are  very  popular  in  the  analysis  of  var¬ 
ious  microwave  geometries  and  for  the  modelling  of  EM  wave  propagation.  Though  many 
of  them  are  very  simple  to  implement  and  can  be  easily  applied  to  different  topologies  with 
remarkable  accuracy,  they  cause  a  numerical  phase  error  during  the  propagation  along  the 
discretized  grid  [57].  For  example,  the  numerical  phase  velocity  in  the  FDTD  can  be  dif¬ 
ferent  than  the  velocity  of  light,  depending  on  the  cell  size  as  a  fraction  of  the  smallest 
propagating  wavelength  and  the  direction  of  the  grid  propagation.  Thus,  a  non-physical 
dispersion  is  introduced  and  affects  the  accuracy  limits  of  FDTD  simulations,  especially  of 
large  structures. 

In  addition,  it  is  well-known  that  the  finite-difference  schemes  in  time  and  space  domain 
require  that  the  used  time  step  should  take  values  within  an  interval  that  is  a  function  of 
the  cell  size.  K  the  time-step  takes  a  value  outside  the  bounds  of  this  interval,  the  algorithm 
will  be  numerically  unstable,  leading  to  a  spurious  increase  of  the  field  values  without  limit 
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as  the  time  increases. 


Though  the  stability  and  the  dispersion  analysis  for  the  conventional  Yee’s  FDTD  algo¬ 
rithm  has  been  thoroughly  investigated,  only  a  few  results  have  been  presented  concerning 
MRTD  schemes  based  on  cubic  spline  Battle- Lemarie  scaling  and  wavelet  functions  [26]. 
The  functions  of  this  family  do  not  have  compact  support,  thus  the  finite  approximations  of 
the  derivatives  are  finite-stencil  summations  instead  of  finite  differences.  In  this  paper,  the 
effect  of  these  stencils’  size  as  well  as  of  the  enhancement  of  wavelets  is  investigated  and  a 
comparison  with  2nd-order  and  higher-order  FDTD  schemes  exhibits  the  differencesin  their 
respective  behaviors. 


5.2  Stability  Analysis 


Following  the  stability  analysis  described  in  [57],  the  MRTD  [26]  equations  are  de¬ 
composed  into  separate  time  and  space  eigenvalue  problems.  Assuming  a  2D  expansion 
only  to  scaling  functions  (S-MRTD)  similar  to  £qs.(3.36)-(3.38)  of  CH.3,  the  left-hand  side 
time-differentiation  parts  can  be  written  as  an  eigenvalue  problem 


At 

At 

At 


—  A  kEij-i/2 

(5.1) 

= 

(5.2) 

=  A  k+i/2Eij 

(5.3) 

In  order  to  avoid  having  any  spatial  mode  increasing  without  limit  during  normal  time¬ 
stepping,  the  imaginary  part  of  A,  lTnag{A),  must  satisfy  the  equation 

“Zt  ~  ^  ^ 

For  each  time  step  k,  the  instantaneous  values  of  the  electric  and  magnetic  fields  distributed 
in  space  across  the  grid  can  be  Fourier-transformed  with  respect  to  the  i-  and  j-  coordinates 
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to  provide  a  spectrum  of  sinusoidal  modes  (plane  wave  eigenmodes  of  the  grid).  Assuming  an 
eigenmode  of  the  spatial-frequency  domain  with  and  ky  being  the  x-  and  y-  components 
of  the  numerical  eigenvector,  the  field  components  can  be  written 

E]j  =  Ez^eUk.IAx+kyJAy 

TJX  _  Ti  l/2)^y 

uV  ^  fr  pj(^x(/-l/2)Ax+fcyJAy 

^7-1/2, J 


Substituting  these  expressions  to  (5.1)-(5.3)  and  applying  Euler’s  identity,  we  get 

aii')sin{kr{i  +  l/2)Ax)f  +  £  a{f)sin{ky{j  +  l/2)Ay))^] 

Thus,  A  is  a  pure  imaginary,  which  can  be  bounded  for  any  wavevector  k  =  (A:,,  fcj,): 

-  2c  (_E 

s  2c  ,  (5.5) 

where  c  =  ^  is  the  velocity  of  the  light  in  the  modeled  medium. 

Numerical  stability  is  maintained  for  every  spatial  mode  only  when  the  range  of  eigen¬ 
values  given  by  (5.5)  is  contained  entirely  within  the  stable  range  of  time-differentiation 
eigenvalues  given  by  (5.4).  Since  both  ranges  are  symmetrical  around  zero,  it  is  adequate 
to  set  the  upper  bound  of  (5.5)  to  be  smaller  or  equal  to  (5.4),  giving: 


c  (E"4o  l®(*OI) 

For  Ax  =  Ay  =  A,  the  above  stability  criterion  gives 


Ats-MRTD  < 


A  A 

c>/5E?S'  W(')I  ■ 


It  is  known  [5]  that 


AtpDTD  ^ 
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which  gives  for  Ax  =  Ay  =  A 


■^tpDTD  < 


:v/2 


(5.9) 


Equations  (5.7)-(5.9)  show  that  for  same  discretization  size,  the  upper  bounds  of  the  time- 
steps  of  FDTD  and  S-MRTD  are  comparable  and  related  through  the  factor  s.  The  stability 
analysis  can  be  generalized  easily  to  3D.  The  new  stability  criteria  can  be  derived  by  the 
equations  (5.7)  and  (5.9)  by  substituting  the  term  with  \/3. 

More  complicated  expressions  can  be  derived  for  the  maximum  allowable  time-step  for 
schemes  containing  scaling  and  wavelet  functions.  For  simplicity  and  without  loss  of  gener¬ 
ality,  it  is  assumed  that  the  stencil  size  is  equal  for  all  three  summations  (n,,  =  nj,  =  nc  =  n). 
The  upper  bound  of  the  time-step  for  the  2D  MRTD  scheme  with  0-resolution  wavelets  to 
the  one  (x-direction)  or  two  directions  (x-  and  y-directions)  for  Aar=Ay=A  is  given  by 


^tWoS-MRrD,max  » 


with 


«lVoS  = 


and 


v/3(E.'  I«l)"  +  (E.'  \bo\?  +  2(E.v  \co\y  +  (E.V  |a  +  6o|)V(E.'  I«  "  ^ol)^  +  4(i:.-,  jco|)^ 


^tWoWo-MRrD,max  « 


with 


v/2(E.'W)2  +  2(E.v|to|)2  +  4(E.v  |co|)2  -f  2(E,,  la  -h  6o|)v/(E.v  l«  -  M)'^  +  4(E./ N)^ 
where  the  notation 

k'  k'=0 

has  been  used. 
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It  can  be  observed  that  the  upper  bound  of  the  time  step  depends  on  the  stencil  size 
no,ni,,7ic.  This  dependence  is  expressed  through  the  coefficients  sss*-‘'iro5.'SHo»o'  "’hich 
decrecLse  as  the  stencil  size  increases  .  (Figure  5.1)  shows  that  sss  practically  converges  to 
the  value  0.6371  after  no  ^  10  ^u'oS  ~  0.3433  and  5n’otVo  ^  0.2625  for  no  =  nf,  =  n^  > 
10.  The  expression  of  $ss  can  be  easily  derived  by  the  expressions  of  sno5  and  snoifo  by 
zeroing  out  the  effect  of  6o>co- 


5.3  Dispersion  Analysis 

To  calculate  the  numerical  dispersion  of  the  S-MRTD  scheme,  plane  monochromatic 
traveling-wave  trial  solutions  tire  substituted  in  the  discretized  Maxwell’s  equations.  For 
example,  the  £,  component  for  the  TM^  mode  has  the  form 

kEjj  = 

where  kg  and  ky  are  the  x-  and  y-  components  of  the  numerical  wavevector  and  u  is 
the  wave  angular  frequency.  Substituting  the  above  expressions  into  Eqs.(3.36)-(3.38),  the 
following  numerical  dispersion  relation  is  obtained  for  the  TAf*  mode  for  the  S-MRTD 
Scheme  after  algebraic  manipulation 

“  [^(  I]  -1- l/2)Ax))]= 

t'=0 

tTT(  ^  )si^{ky{j  +  l/2)Ap))]^  (5.10) 

^  i'so 

For  square  unit  cells  (Ax=Ay—A)  and  wave  propagating  at  an  angle  ^  with  respect  to 
X-axis  (kg  =  k  cos<l>  and  ky  —  k  sin4>),  the  above  expression  is  simplified  to 
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[-^  a{i')  sin(k' COSO  (i' +  1/2)  A)  f 

Tlo  — 1 

+  (  ^  a(/)  5in(/:  5mo  (j'+ 1/2)  A))^  (5.11) 

j'=0 

This  equation  relates  the  numerical  wavevector,  the  wave  frequency,  the  cell  size  and 
the  time-step.  Solving  this  numerically  for  different  angles,  time-step  sizes  and  frequencies, 
the  dispersion  characteristics  can  be  quantified. 

Defining  the  Courant  number  q  =  (cAf)/A  and  the  number  of  cells  per  wavelength 
=  ^REAl/^  aJid  using  the  definition  of  the  wavevector  k  =  {2i:)/Xf^uM  the  dispersion 
relationship  can  be  written  as 


1  ^*o  * 

[-  sin(ir  q  /n/)]^  =  [  ^  a{i')  stn(7r  u  (2i'  -|- 1)  cos(/>  /n/)]^ 

9  t'ssO 

no— 1 

+  !L  a{f)  sin(7r  u  (2j'+  1)  sin<^ 
i'=o 


(5.12) 


where  u  =  Xreal/Xnum  is  the  ratio  of  the  theoretically  given  to  the  numerical  value  of 
the  propagating  wavelength  and  expresses  the  phase  error  introduced  by  the  S-MRTD  algo¬ 
rithm.  To  satisfy  the  stability  requirements,  q  has  to  be  smaller  than  0.45  (=  O.eSTl/v^) 
for  the  2D  simulations. 

The  above  analysis  can  be  extended  to  cover  the  expansion  in  scaling  and  0-resolution 
wavelet  functions  in  x-,  y-  or  both  directions. 

The  general  dispersion  relationship  is 


+  =  1  (5.13) 


with 


F=l  -  [^{CrC2  +  C2C^)f^-[^{CAC,-kCsC^)f\ 

€  A  € 


B 
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Scheme 

Cl 

C2 

C3 

C4 

Cs 

Ce 

55 

^  0 

0 

0 

0 

0 

0 

HoS 

#0 

0 

0 

#  0 

7^  0 

#0 

5Wo 

7^0 

#0 

7^0 

#0 

0 

0 

#0 

Vo 

^0 

#0 

7^0 

7^0 

Table  5.1:  Coefficients  C,  for  Difierent  MRTD  Schemes 

—  \^{C2C2  +  C3C3  +  C5C5  +  CeCe]  (5-14) 


>1  =  1  —  “(CiCi  +  C2C2  +  CsCs  +  CeCe) 


B  =  1  —  —{C2C2  +  C3C3  +  C4C4  +  C5O5) 


.  The  C,  are  defined  by 


Cl  =  - 

C2  =  - 


At 


no 


fiAsin(u;At/2) 
At 


^  a(/)5m(fcj,(/+  1/2)A) 


/xA5in(a;A//2) 

Af 

E  +  1/2)A) 

E  "(O-'i-CMi'  +  1/2)A) 

^  nAsin{u}At/2)  7  v  *  ; 

Af 

=  -^A.m(a,At/'2)  E  +  1/2)A) 


(5.15) 


(5.16) 


Eq.(5.13)  can  be  applied  to  the  dispersion  analysis  of  SS  (only  scaling  functions),  Wo*? 
(0-resolution  wavelets  only  to  x-direction),  5W^o  (0-resolution  wavelets  only  to  y-direction) 
and  Wow’d  (0-resolution  wavelets  to  both  x  -  and  y-  directions)  following  Table  (5.1).  In 
case  the  C;  ^  0,  it  can  be  calculated  by  £q.(5.16). 

The  above  equation  is  solved  numerically  by  use  of  Bisection-Newton-Raphson  Hybrid 
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Technique  for  different  values  of  rza,  nj,,  ric  ni,  o  and  q.  (Figs. 5. 2-5. 5)  show  the  varia¬ 
tion  of  the  numerical  phase  velocity  as  a  function  of  the  inverse  of  the  Courant  number 
l/s=l/q  for  stencil  sizes  tIq  =  nt  =  =  8,10.12.14.  For  each  figure,  three  different  dis¬ 

cretization  sizes  are  used:  10  cells/ wavelength  (coarse),  20  cells/ wavelength  (normal)  and  40 
cells/wavelength  (dense).  The  results  are  compared  to  the  respective  values  of  conventional 
FDTD.  It  can  be  observed  that  the  phtise  error  for  F.D.T.D.  decreases  quadraticaUy.  The 
variation  of  the  phase  error  in  M.R.T.D.  exhibits  some  unique  features.  Though  for  any 
stencil  size  the  numerical  phase  error  for  M.R.T.D.  discretization  of  lOcells/X  is  smaller 
than  that  of  the  F.D.T.D.  discretization  of  40cells/X,  the  M.R.T.D.  error  doesn’t  behave 
monotonically  [58].  It  decreases  up  to  a  certain  discretization  value  and  then  it  starts  in¬ 
creasing.  This  value  depends  on  the  stencil  size  and  takes  larger  values  for  larger  stencils. 
For  example,  this  value  is  between  10  and  20  cells/ X  for  stencil  equal  to  10,  between  20 
and  40  cells/X  for  stencil=12  and  very  close  to  40  cells/X  for  stencil=14  and  can  be  used 
as  a  criterion  to  characterize  the  discretization  range  that  the  M.R.T.D.  offers  significantly 
better  numerical  phase  performance  than  the  F.D.T.D. 

The  phase  error  caused  by  the  dispersion  is  cumulative  and  it  represents  a  limitation 
of  the  conventional  FDTD  Yee  algorithm  for  the  simulation  of  electrically  large  structures. 
It  can  be  observed  that  the  error  of  S-MRTD  is  significantly  lower,  allowing  the  modeling 
of  larger  structures.  FDTD  is  derived  be  expanding  the  fields  in  pulse  basis.  As  it  is  well 
known  the  Fourier  transform  of  the  pulse  is  a  highly  oscillating  Si(x).  On  the  contrary,  the 
Fourier  transform  of  the  Battle-Lemarie  Cubic  spline  is  similar  to  a  low-pass  filter.  That 
"smooth”  spectral  characteristic  offers  a  much  lower  phase  error  even  for  very  coarse  (close 
to  3-4  cells/A)  cells.’ 

By  using  a  larger  stencil  ria,  the  entire-domain  oscillating  nature  of  the  scaling  functions 
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is  better  represented.  Thus,  smoother  performance  for  low  discretizations  (Fig. 5. 6)  and 
lower  phase  error  for  higher  discretizations  (Fig. 5. 7)  is  achieved  as  ria  increases  from  8  to 
12.  Wavelets  contribute  to  the  improvement  of  the  dispersion  characteristics  for  even  coarser 
cells  (close  to  2.2-2.4  cells/A)  as  it  is  demonstrated  in  (Figs.5.8-5.13).  For  discretizations 
above  4  cells/A  the  effect  of  the  wavelets  is  negligible.  (Fig.5.11)  and  (Fig. 5. 13)  show  clearly 
that  the  phaise  error  has  a  minimum  for  a  specific  discretization  (17  for  ria  =  10  and  25  for 

na  =  12). 

(Figs.5.14-5.17)  show  that  for  discretizations  smaller  than  SOcells/X  the  choice  of  the 
Courant  number  affects  significantly  the  dispersion  performance  which  starts  converging  to 
the  minimum  numerical  phase  error  (0.8  deg/A  for  Ua  =  ni,  =  tie  =  10  and  0.2  deg/A  for 
na  =  rn,  —  nc  =  12)  for  1/q  close  to  10.  On  the  contrary,  the  F.D.T.D.  dispersion  is  almost 
independent  of  the  Courant  number  (Figs.5.18-5.19). 

It  has  been  claimed  in  [59]  that  the  S-MRTD  Scheme  is  slightly  oscillating  and  its 
performance  is  only  comparable  with  the  14**  order  accuracy  Yee’s  scheme.  Though  this 
is  true  for  the  S-MRTD  schemes  with  stencil  size  of  8,  the  comparison  of  the  dispersion 
diagrams  of  Yee’s  FDTD  scheme,  Yee’s  16th  order  (H.F.D.-16)  and  22th  order  (H.F.D.-22) 
and  S-MRTD  and  Wo-MRTD  schemes  with  different  stencils  leads  to  interesting  results.For 
comparison  purposes,  the  values  of  At  =  Atmax/^  snd  Atmax  =  0.368112A//c  have  been 
used  and  all  the  dispersion  curves  are  substracted  by  the  linear  dispersion  relation  for  ID 
simulations.  (Fig.5.20)  shows  that  the  S-MRTD  scheme  with  stencil  10  has  a  comparable 
performance  to  the  16th  order  Yee’s  scheme.  The  enhancement  of  the  wavelets  for  the  same 
stencil  improve.*;  significantly  the  dispersion  characteristics  of  the  MRTD  scheme  increasing 
the  dynamic  range  of  u  by  approximately  90%  and  comparing  favorable  even  to  the  22th 
order  Yee’s  scheme.  This  is  expected  due  to  the  fact  that  the  scaling-l-wavelet  basis  spans 
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a  larger  (’’more  complete")  subspace  of  R  than  the  scaling  functions  alone.  Both  S-MRTD 
and  VVo-MRTD  schemes  have  identical  numerical  phase  errors  up  to  the  point  that  the 
S-MRTD  scheme  starts  diverging  (Fig.5.21).  As  the  stencil  size  of  the  Wo-MRTD  scheme 
is  increasing  from  6  to  12  (Figs.5.22-5.23),  the  oscillatory  variation  of  the  phase  error  is 
diminishing  to  a  negligible  level  generating  an  almost  flat  algorithm  similar  to  the  higher 
order  Yee’s  ones. 

As  a  conclusion,  due  to  the  poor  dispersion  performance  of  the  FDTD  technique  even 
for  10  cells/wavelength  a  normal  to  coarse  grid  is  always  required  to  avoid  signiflcant  pulse 
distortions  especially  for  the  higher-spatial-frequency  components.  MRTD  offers  low  dis¬ 
persion  even  for  sparse  grids  very  close  to  the  Nyquist  limit. 

5.4  Conclusion 

The  stability  and  the  dispersion  performance  of  the  recently  developed  Battle-Lemarie 
MRTD  schemes  has  been  investigated  for  different  stencil  sizes  and  for  0-resolution  wavelets. 
Analytical  expressions  for  the  maximum  stable  time-step  have  been  derived.  Larger  sten¬ 
cils  decrease  the  numerical  phase  error  making  it  significantly  lower  than  FDTD  for  low 
and  medium  discretizations.  Stencil  sizes  greater  than  10  offer  a  smaller  phase  error  than 
FDTD  even  for  discretizations  close  to  40  cells/ A.  The  enhancement  of  wavelets  further 
improves  the  dispersion  performance  for  discretizations  close  to  the  Nyquist  linoit  (2-3 
ceUs/wavelength)  making  it  comparable  to  that  of  much  denser  grids,  though  it  decreases 
the  value  of  the  maximum  time-step  guaranteeing  the  stability  of  the  scheme. 
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Phase  Error  (deg/lambda) 


Phase  Error  (deg/lambda) 


Phase  Error  (Stes12  vs.  FDTD) 


Figure  5.4:  Dispersion  Characteristics  of  S-MRTD  for  na=12. 
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Phase  Error  (deg/lambda) 


IPhase  Errorl  (deg/Lambda) 


Figure  5.8:  Wavelets  Effect  on  the  Dispersion  Characteristics  of  MRTD  for 
na=8  (Coarse  Grid). 


Figure  5.9:  Wavelets  Effect  on  the  Dispersion  Characteristics  of  MRTD  for 
na=8  (Denser  Grid). 
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Figure  5.10:  Wavelets  Effect  on  the  Dispersion  Characteristics  of  MRTD 
for  na=10  (Coarse  Grid). 


Figure  5.11:  Wavelets  Effect  on  the  Dispersion  Characteristics  of  MRTD 
for  na=10  (Denser  Grid). 
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Figure  5.12:  Wavelets  Effect  on  the  Dispersion  Characterbtics  of  MRTD 
for  na=12  (Coarse  Grid). 


Figure  5.13:  Wavelets  Effect  on  the  Dispersion  Characteristics  of  MRTD 
for  na=12  (Denser  Grid). 
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Figure  5.14:  Effect  of  the  Courant  Number  on  the  Dispersion  Characteris' 


tics  of  Wo  -  MRTD  for  na  =  nb  =  nc=10  (Coarse  Grid). 


Figure  5.15:  Effect  of  the  Courant  Number  on  the  Dispersion  Characteris¬ 
tics  of  Wo  —  MRTD  for  no  =  nj  =  nc=:10  (Denser  Grid). 
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Figure  5.16:  Effect  of  the  Courant  Number  on  the  Dispersion  Characteris' 
tics  of  Wo  -  MRTD  for  no  =  nj,  =  ne=12  (Coarse  Grid). 


Figure  5.17:  Effect  of  the  Courant  Number  on  the  Dispersion  Characteris¬ 
tics  of  Wo  -  MRTD  for  na  =  nb  =  nc=12  (Denser  Grid). 
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Figure  5.18:  Effect  of  the  Courant  Number  on  the  Dispersion  Characteris 
tics  of  FDTD  (Coarse  Grid). 


Figure  5.19:  Effect  of  the  Courant  Number  on  the  Dispersion  Characteris¬ 
tics  of  FDTD  (Denser  Grid). 
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Figure  5.20:  Comparison  of  the  Dispersion  Performance  of  S-MRTD  and 
Wo-MRTD  with  Different  Higher  Order  Yee’s  Schemes. 
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CHAPTER  6 


Development  of  a  Space-  and  Time- Adaptive  MRTD 
Gridding  Algorithm  for  the  Analysis  of  2D  Microwave 

Dielectric  Geometries 


6.1  Introduction 

In  CH.4,  the  MRTD  Technique  has  been  applied  to  a  variety  of  homogeneous  microwave 
problems  and  has  exhibited  significant  savings  in  memory  and  execution  time.  Nevertheless 
the  most  important  advantage  of  this  new  technique  is  its  capability  to  provide  space  and 
time  adaptive  gridding  without  the  problems  that  the  conventional  FDTD  is  encountering. 
This  is  due  to  the  use  of  two  separate  sets  of  basis  functions,  the  scaling  and  wavelets  and 
the  capability  to  threshold  the  field  coefficients  due  to  the  excellent  conditioning  of  the  for¬ 
mulated  mathematical  problem.  In  this  Chapter,  a  space/time  adaptive  gridding  algorithm 
based  on  the  MRTD  scheme  is  proposed  and  applied  to  nonhomogeneous  waveguide  prob¬ 
lems.  As  an  example,  the  propagation  of  a  Gabor  pulse  in  a  partially-filled  paraUel-plate 
waveguide  is  simulated  and  the  S-parameters  are  evaluated.  Wavelets  are  placed  only  at 
locations  where  the  EM  fields  have  significant  values,  creating  a  space-  and  time-  adaptive 
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dense  mesh  in  regions  of  strong  field  \‘ariations.  while  maintaining  a  much  coarser  mesh 
elsewhere.  The  modification  of  the  2D  MRTD  algorithm  to  incluse  dielectric  variation  is 
presented  and  wavelet  thresholding  approaches  are  compared  and  evaluated. 


6.2  The  2D-MRTD  Nonhomogeneous  scheme 

6.2.1  The  2D-MRTD  scaling  and  wavelets  scheme 


For  simplicity  the  2D-MRTD  scheme  for  the  T modes  will  be  used  herein.  To  derive 
the  2D-MRTD  scheme,  the  field  components  are  represented  by  a  series  of  cubic  spline 
Battle-Lemarie  [25]  scaling  and  wavelet  functions  up  to  the  rTOo^-resolution  to  the  longi¬ 
tudinal  direction  in  space  and  pulse  functions  in  time  in  a  similar  way  to  CHS.  Due  to  the 
entire  domain  basis  functions,  D  of  one  cell  is  related  to  £  values  all  over  the  neighboring 
cells.  To  circumvent  this  problem,  the  CurlD  equations  have  to  replace  the  CurlE  equations 
and  then  the  E-coefficients  have  to  be  calculated  from  the  D-coefficients  in  a  mathematically 
correct  way.  After  inserting  the  field  expansions  in  Maxwell’s  equations,  we  sample  them 
using  pulse  functions  in  time  and  scaling/wavelet  functions  in  space  domain. 

As  an  example,  sampling  dD^ldt,  =  -  dHyIdz  in  space  and  time,  the  following  equa¬ 
tions  are  obtained 


rmax  2’--l  "Vr,p 


+  ^  S  ®$r.p(*)*+l/2-^/+T/2,m-h.+(2p+l)/2’-+i)  ’ 


(6.1) 


r=0  p=0 


At  ^ 


-  )  = 
i+l /2,m+(2p'+l  )/2’-'+i  ^  1+1  /2,tn-|-(2p'+l)/2’''+i ' 


^'r'y 
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r=0  p=0  ,  »r'  p' 


where  and  kUi^m  (scaling), ^p,p  (wavelets  of  r- resolution  at  the  p-posiiion 

of  the  ceU)  are  the  coefficients  for  the  electric  and  magnetic  field  expansions  .  The  indices 
/,  m  and  k  are  the  discrete  space  and  time  indices,  which  are  related  to  the  space  and  time 
coordinates  via  x  =  /Ax,z  =  mAr  and  t  =  kAt,  where  Ax,Az  are  the  space  discretization 
intervals  in  x-  and  z-direction  and  At  is  the  time  discretization  interval.  The  coefficients 
0^*^’  derived  in  a  similar  way  to  CH.3.  For  an  accuracy  of  0.1% 

the  values  =  10  -  12  and  rn^'°  =  ^  =8-12  have  been  used  when  only  the 

O-resolution  of  the  wavelets  was  applied. 


6.2.2  The  PML  numerical  absorber 


For  open  structures,  the  perfectly  matched  layer  (PML)  technique  can  be  applied  by 
assuming  that  the  conductivity  is  given  in  terms  of  scaling  and  wavelet  functions  instead  of 
pulse  functions  with  respect  to  space  [61].  The  PML  is  characterized  by  artificial  electric 
and  magnetic  conductivities  and  cr^,  which  satisfy  the  relationship 

(6.3) 


_  <^JD 


fio  €  C, 

for  each  cell  with  constitutive  parameters  (e,/!©).  The  spatial  distribution  of  the  magnetic 
conductivity  for  the  absorbing  layers  is  modelled  by  assuming  that  the  amplitudes  of  the 
scaling  and  the  wavelet  functions  have  a  pol3rnomial  distribution  (linear,  parabolic,  ...) 
and  by  sampling  this  distribution  with  scaling  and  wavelet  functions  (Eq.(3.79)).  It  has 
been  observed  that  the  parabolic  distribution  is  the  most  computationally  efficient.  For 
multidielectric  non-magnetic  structures,  the  electric  conductivity  is  given  from  the  above 
relationship  assigning  the  appropriate  c.  The  MRTD  mesh  is  terminated  by  a  perfect  electric 
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conductor  (PEC)  at  the  end  of  the  PML  region.  Following  a  procedure  similar  to  (3.4.3) 


the  equations  for  the  Dx  scaling  components  in  the  PML  region  are  given  by 

At 


r\x4>6 
kDi. 


1/2.J 


_  -0.5ff^A</to 


OP 

l/2..;+/+l/2 


^max  2^  —  1 

^  S  °»('r.p(*)<;+l/2'^,-l/2’j+j'+(2p+l)/2’-+>  ) 

r=0  p=0 


,(6.4) 


Similar  equations  can  be  obtained  for  the  wavelet  equations.  For  the  simulations  pre¬ 
sented  in  this  paper,  there  are  used  24  ceUs  of  PML  medium  with  <t//  for  designated 
■Rmor=l*e-6  for  MRTD  (coarser  mesh)  and  for  Rmax=l‘^7  for  FDTD  (4  times/dimension 
finer  mesh)  which  provide  reflection  coefficients  in  the  region  of  -80  to  -90  dB. 


6.2.3  The  Excitation  Implementation 

In  order  to  implement  an  excitation  Epit)  sA  z  =  mAz  and  to  obtain  an  excitation 
identical  to  an  FDTD  excitation  (pulse  excitation  with  respect  to  space),  the  space  pulse  is 
decomposed  in  terms  of  scaling  and  wavelet  functions. 

Tmax  2^—1 

E  E  r  E  (6-5) 

»=-a  >•=0  P=0 

where  the  coefficients  (wavelets  of  0-  and  1-resolutions)  are 

given  in  Chapter  3.  For  i  <  0  it  is  c^(— t)  =  c^(t)>  cvo,i(*)  =  ~  O?  = 

c^j  j(— 1— i)  and  c^i_2(t)  =  c^i,i(~l“*)*  fhe  above  excitation  components  are  superimposed 
to  the  field  values  obtained  by  the  MRTD  algorithm  for  the  same  time  step.  For  example, 
the  total  kE^^i  will  be  given  by 

It  has  been  observed  that  the  minimum  limits  of  the  summations  for  an  accuracy  of  0.1% 
are  C^i.o  =  Cv>i,i=3  for  the  first  2  resolutions  of  the  wavelets  (rmaa,=l). 
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Similar  accuracy  can  be  observed  when  the  scaling  function  at  the  excitation  ceU  is 
set  equal  to  the  \'alue  of  the  excitation  function  Ef-(t).  No  superposition  is  used  and  the 
field  scaling  and  wavelet  values  elsewhere  are  given  by  the  MRTD  equations.  The  wavelet 
coefficients  are  excitated  through  the  coupling  of  the  discretized  MRTD  equations.  In  the 
following  numerictd  simulations  the  latter  excitation  technique  was  employed  since  it  adds 
significantly  smaller  computational  overhead. 


6.2.4  The  Modelling  of  Dielectrics 

Starting  from  the  constitutive  relationship  D  =  cE  for  the  total  electric  field  at  one 
mesh  point  and  sampling  the  scaling  and  wavelet  components  with  a  similar  way  to  (A)  we 
reach  the  following  equations  for  Dx 

^4  Tfnax  . 

"K  =  E  +  E  E  E  (6.7) 

;'=-/«  rsO  p=0 


and 


E 


Tmai  2’’— 1  ^*T,p 

EE  E 

rsO  p=0 


E  E  (6-«) 


where 


II 

roo 

•/— OO 

(6.9) 

oo 

(6.10) 

II 

f  eil>]^'^\z)4>k+j>iz)dz 

•/— oo 

(6.11) 

(6.12) 

i)  can  be  written  in  a  compact  form 

[D]  =  ME] 

(6.13) 
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For  geometries  with  dielectrics  varying  from  air  ((r=l)  to  Si  ((r=2.56).  it  was  observed  that 


the  above  summations  can  be  truncated  for  /0=/vo.o  ='fo=svo.o  =6  when  only  one  resolution  of 
wavelets  (rTOar=0)  was  used.  Also,  the  integrals  can  be  appro.ximated  by  finite  summations 
of  10  cells  on  each  side  of  the  central  cell  (k-cell). 

Due  to  the  orthogonality  relationhip  between  the  scaling  and  the  wavelet  functions, 
for  uniform  dielectrics  (constant  c  throughout  the  integration  domain)  these  integrtils  are 
simplified  to  cj^  =  6(5..o,  cjj”  =  =  0  and  =  e  ^r',r  ^*.0  and  [!] 

becomes  a  diagonal  matrix.  For  structures  containing  dielectric  discontinuities,  none  of 
these  integrals  have  a  zero  value.  In  this  case,  the  whole  geometry  has  to  be  preprocessed 
before  the  initialization  of  the  time  loop  and  coefficients 

assigned  to  any  cefi  (m,n)  and  included  in  the  matrix  [^.  For  each  cell  the  amplitude  of 
these  coefficients  is  compared  to  the  amplitude  of  the  self-term  c^{i).  If  all  coefficients  are 
below  a  threshold  (usually  <  0.1%),  they  are  set  to  zero  and  this  cell  is  exempted  from 
the  following  inversion,  otherwise  it  is  included  in  a  new  submatrix.  This  submatrix  has 
significantly  smaller  dimensions  than  (usually  <  10%)  and  contains  only  cells  close  to 
dielectric  discontinuities.  The  inverse  of  this  matrix  is  used  for  the  calculation  of  the  £ 
from  the  D  values  for  each  time  step.  The  inversion  takes  place  only  once,  thus  it  adds  only 
negligible  computational  overhead  to  the  algorithm. 


6.2.5  Total  Field  Calculation 

Due  to  the  nature  of  the  Battle-Lemarie  expansion  functions,  the  total  field  is  a  sum¬ 
mation  of  the  contributions  from  the  non-localized  scaling  and  wavelet  functions.  For  ex¬ 
ample,  the  total  electric  field  Ex{xo,Zo,to)  with  (*  -  1)  Ax  <  x©  <  *  Ax,  {j  —  1/2)  Ax  < 
<  (i  +  1/2)  Ax  and  {k  —  1/2)  At  <  to  <  (k  +  1/2)  At  is  calculated  in  the  same  way  with 


136 


01/20/99 


WED  13:00  FAI  7472106  UM  RADIATION  LAB 


@011 


SimilAT  accuracy  can  be  obaerved  when  the  scaling  function  at  the  excitation  cell  i$ 
set  equal  to  the  value  of  the  excitation  function  (<)■  No  superposition  is  used  and  the 
field  scaling  and  wavelet  values  elsewhere  are  given  by  the  MRTD  equations.  The  wavelet 
coeffidents  are  exdted  thiotigli  the  coupling  of  the  discretired  MHTD  equations.  In  the 
following  numetical  simtdations  the  latter  exdtation  technique  was  employed  since  it  adds 
ugnihcantly  smaller  computational  overhead. 


6.2.4  The  Modelling  of  Dielectrics 


Starting  fhnn  the  constitutive  relationship  D  =  tE  for  the  total  electric  field  at  one 
ynanli  point  and  sampling  the  scaling  and  wavelet  components  with  a  timilar  way  to  (A)  we 


reach  the  following  equations  for  D, 


and 


(6.7) 
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where 


(6.9) 

W  — -OP 

(6.10) 

(6.11) 

(6.12) 

Equations  (6.7)  and  (6.8)  can  be  written  in  a  compact  form 


[D]  -  im 


(6.13) 
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1/10000  of  the  peak  of  the  excitation  time-domain  function).  This  comparison  is  repeated 
for  each  time-step  (time  adaptiveness).  All  components  below  this  threshold  are  eliminated 
from  the  subsequent  calculations.  Th  is  is  the  simplest  thresholding  algorithm.  It  doesn't 
add  any  significant  overhead  in  execution  time  (usually  <  10%),  but  it  offers  only  a  moderate 
(pessimistic)  economy  in  memory  (factor  close  to  2).  Also,  this  algorithm  allows  for  the 
dynamic  memory  allocation  in  its  programming  implementation  by  using  the  appropriate 
programming  languages  (e.g.  C). 

The  principles  of  the  dynamically  changing  time-  and  space-adaptive  grid  are  demon¬ 
strated  in  (Fig.6.1).  A  pulse  is  propagating  from  the  left  to  the  right  in  a  partially  filled 
parallel  plate  waveguide.  For  t=0,  the  wavelets  are  localized  at  the  excitation  area.  They 
follow  the  propagating  pulse  (t  before  the  incidence  to  the  dielectric  interface)  creating  a 
moving  dense  subgrid.  After  the  pulse  has  been  split  in  reflected  and  transmitted  pulses, 
the  wavelets  increase  the  grid  resolution  only  around  these  pulses.  Elsewhere  the  wavelet 
components  have  negligible  values  and  are  ignored. 

6.3  Applications  of  2D-MRTD 

6.3.1  Air-Filled  Parallel  Plate  Waveguide 

The  2D-MRTD  scheme  is  applied  to  the  analysis  of  an  air-filled  parallel-plate  waveguide 
with  width  4.8  mm.  The  front  and  back  open  planes  are  terminated  with  a  PML  region 
of  22  cells  and  erf  ““  calculated  for  designated  Rma*=l-e-7.  The  waveguide  is  excited  with 
a  Gabor  function  0-30GHz  along  a  vertical  line  next  to  the  PML  region.  A  Gabor  exci¬ 
tation  is  propagating  for  a  distance  of  2,000  mm.  For  the  analysis  based  on  Yee’s  FDTD 
scheme,  a  4  x  1120  mesh  is  used  resulting  in  a  total  number  of  4480  grid  points.  When 
the  structure  is  analyzed  with  the  2D-MRTD  scheme,  a  mesh  2  x  160  (320  grid  points)  is 
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chosen  (dx  =  0.24Ao.  dz  =  0.42Ao  for  /  =  ZQGHz).  This  size  is  based  on  the  number  of 
the  scaling  functions,  since  the  wavelets  are  used  only  when  and  where  necessary.  The  time 
discretization  intervcd  is  selected  to  be  identical  for  both  schemes  and  equal  to  the  1/4  of 
the  2D-MRTD  maximum  At.  For  the  analysis  we  use  3.000  time-steps.  The  longitudinal 
distance  is  chosen  such  that  no  reflections  would  appear  before  the  Gabor  function  is  com¬ 
plete  and  the  schemes  dispersion  performance  can  be  evaluated.  The  normal  electric  field 
Ex  is  probed  at  three  different  locations  and  the  results  are  plotted  in  (Fig.6.2)  showing 
only  minimal  dispersion. 

The  capability  of  the  MRTD  technique  to  provide  space  and  time  adaptive  gridding  is 
verified  by  thresholding  the  wavelet  components  to  the  maximum  of  the  0.01%  of  the  value 
of  the  scaling  function  at  the  same  cell  for  each  time-step  and  the  absolute  threshold  of  10“®. 
The  use  of  the  absolute  threshold  enhances  the  efficiency  of  the  algorithm  for  very  small  field 
values.  It  has  been  observed  that  the  accuracy  by  using  only  a  small  number  of  wavelets  is 
equal  to  what  would  be  achieved  if  wavelets  were  used  everywhere.  Though  this  number  is 
varying  in  time  ,  its  maximum  value  is  122  out  of  a  total  of  320  to  the  z-direction  (economy 
in  memory  by  a  factor  of  5.1  to  the  z-direction)  as  it  can  be  observed  from  (Fig.6.3).  In 
addition,  execution  time  is  reduced  by  a  factor  3-4.  The  principle  of  the  space-adaptive  grid 
is  exhibited  at  (Fig.6.4)  which  represents  the  Ex  field  distribution  at  t=1000  time  steps. 
The  wavelets  have  a  significant  value  only  at  the  region  of  the  propagating  pulse,  thus 
creating  a  locally  dense  grid. 

6.3.2  Parallel-Plate  Partially  Filled  Waveguide 

The  second  structure  analyzed  with  the  MRTD  algorithm  was  the  geometry  of  (Fig.6.5). 
A  Gabor  pulse  0-30  GHz  is  propagating  from  the  left  (air  region)  to  the  right  (region 
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with  Cr  =  2.56).  PML  regions  of  16  cells  with  calculated  for  designated  RmaT=^^-^‘ 
terminate  the  grid  and  wavelets  of  0-resolution  are  used  in  the  longitudinal  direction.  The 
reflection  coefficient  Sn  is  calculated  by  separating  the  incident  and  the  reflected  part  of 
the  probed  field  and  taking  the  Fourier  transform  of  their  ratio  (Fig.6.6).  Similar  accuracy 
can  be  obtained  for  a  4x640  FDTD  grid  and  a  2x80  MRTD  grid  with  relative  threshold 
0.01%  and  absolute  threshold  10“^.  The  maximum  number  of  wavelets  used  is  36  (Fig.6.7) 
offering  an  economy  in  memory  by  a  factor  of  6.53  in  comparison  to  the  FDTD  simulations 
for  the  longitudinal  (z)  direction.  The  results  for  5  GHz  (TEM  propagation  )  are  validated 
by  comparison  to  the  theoretical  value  obtained  applying  ideal  transmission  line  theory  [62] 
and  are  plotted  at  Table  (6.1). 

The  time-  and  space-adaptive  character  of  the  gridding  is  exploited  in  (Fig.6.8)  which 
show  that  the  wavelets  follow  the  reflected  and  the  transmitted  pulses  after  the  incidence  to 
the  dielectric  interface  and  have  negligible  values  elsewhere.  The  location  and  the  number 
of  the  wavelet  coeflScients  with  significant  values  are  different  for  each  time-step,  something 
that  creates  a  dense  mesh  in  regions  of  strong  field  variations,  while  maintaining  a  much 
coarser  mesh  for  the  other  cells. 

6.3.3  Parallel-Plate  Five-Stage  Filter 

The  last  structure  analyzed  with  the  variable  grid  is  the  5-stage  filter  of  (Fig.6.9).  A 
gabor  function  0-4GHz  is  propagating  from  the  left  to  the  right.  The  input  and  output  stages 
have  €r  =  12.5  and  the  intermediate  stages  have  tr  =  50.5  (stages  with  di  =  ds  =  0.5mm 
and  ds  =  2mm  )  and  c,  =  1-  (stages  with  d2  =  d4  =  14.mm).  The  total  length  to  the 
longitudinal  direction  is  600  mm  and  to  the' vertical  4.8  mm.  PML  regions  of  16  cells  with 
calculated  for  designated  Rmax  =  l-e-7  terminate  the  grid  and  wavelets  of  0-resolution 
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are  used  to  the  longitudinal  direction.  The  structure  is  analyzed  by  using  an  FDTD  grid  of 
8x1600  cells,  a  scaling  only  MRTD  grid  of  2x400  cells  and  an  adaptive  (scaljng+ wavelets) 
MRTD  grid  of  2x200  cells.  The  relative  threshold  h<is  the  value  of  0.0l9c  and  the  absolute 
threshold  equals  to  lO"**.  The  maximum  number  of  wavelets  required  during  the  3,000  time 
steps  of  the  simulation  is  102  (Fig.6.10)  ,  offering  an  economy  by  37.25%  in  comparison 
to  the  scaling  only  grid  ajid  by  a  factor  of  6.37  in  comparison  to  the  FDTD  scheme  for 
the  direction  of  wavelet  expansion  (z-direction).  The  accuracy  in  the  calculation  of  the  S- 
parameters  is  similar  for  all  three  schemes  as  it  can  be  observed  from  (Fig.6.11).  Again,  the 
time-  and  space-  adaptive  character  of  the  proposed  gridding  is  demonstrated  in  (Fig.6.12) 
with  the  Ex  field  space  distribution  for  t=1000  time  steps. 

6.4  Conclusion 

A  dynamically  rhanging  space-  and  time-  adaptive  meshing  algorithm  based  on  a  mul¬ 
tiresolution  time-domain  scheme  in  two  dimensions  and  on  absolute  and  relative  thresh¬ 
olding  of  the  wavelet  values  has  been  proposed  and  has  been  applied  to  the  numerical 
analysis  of  various  nonohomogeneous  waveguide  geometries.  A  mathematically  correct  way 
of  dielectric  modeling  has  been  presented  and  evaluated.  The  field  distributions  and  the  S 
parameters  have  been  calculated  and  verified  by  comparison  to  reference  data.  In  compar¬ 
ison  to  Yee’s  conventional  FDTD  scheme,  the  proposed  scheme  offers  memory  savings  by 
a  factor  of  5-6  per  dimension  maintaining  a  similar  accuracy.  The  above  algorithm  can  be 
effectively  extended  to  three-dimension  problems. 
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5n  (fi) 


Relative  error 


Anzilyt.  Value  [62] 

0.4298 

0.0% 

4x640  FDTD 

0.4283 

-0.3% 

2x80  MRTD 

0.4360 

i 

-t-1.4% 

Table  6.1:  Sn  calculated  by  2D*MRTD 


t=0 


t  before 
incidence 


t  after 
incidence 


.Figure  6.1:  Time-  and  Space-  adaptive  grid. 
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#  of  Wavelets 


Time-Step 

Figure  6.2;  Normal  E-field  (Time-Domain). 


Time-Step 


Figure  6.3:  Non-zero  Wavelets’  Number 
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IEx(wav)l 
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Figure  6.4:  Adaptive  Grid  Demonstration  (t=1000  steps). 
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Figure  6.5:  Parallel-Plate  Partially  Filled  Waveguide. 
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#  of  Non-zero  Wavelets 


Figure  6.6:  S-Parameters  of  the  Waveguide. 
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Figure  6.7:  Non-zero  Wavelets’  Number. 
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IEx(wav)l 


1 


Figure  6.8:  Adaptive  Grid  Demonstration  (t=1000  steps). 
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Figure  6.9:  Parallel-Plate  Five-Stage  Filter. 
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Figure  6.10:  S-Parameters  of  the  Filter. 
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Figure  6.12:  Adaptive  Grid  Demonstration  (t=1000  steps). 
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CHAPTER  7 


Time  Adaptive  Time-Domain  Techniques  for  the  Design  of 

Microwave  Circuits 


7.1  Introduction 

In  the  previous  Chapters,  MRTD  schemes  based  on  cubic  spline  Battle-Lemarie  scaling 
and  wavelet  functions  have  been  successfully  applied  to  the  simulation  of  2D  and  3D  open 
and  shielded  problems  [26,  53,  65,  61],  The  functions  of  this  family  do  not  have  compact 
support,  thus  the  MRTD  schemes  have  to  be  truncated  with  respect  to  space.  Localized 
boundary  conditions  (PECs,  PMCs  etc.)  and  material  properties  are  modelled  by  use  of 
the  image  principle  and  of  matrix  equations  respectively.  However,  this  disadvantage  is 
offset  by  the  low-pass  (scaling)  and  band-pass  (wavelets)  characteristics  in  spectral  domain, 
allowing  for  an  a  priori  estimate  of  the  number  of  resolution  levels  necessary  for  a  correct 
field  modelling.  In  addition,  the  evaluation  of  the  moment  method  integrals  during  the 
discretization  of  Maxwell’s  PDEs  is  simplified  due  to  the  eustence  of  closed  form  expressions 
in  spectral  domain  and  simple  representations  in  space  domain.  Dispersion  analysis  of  this 
MRTD  scheme  shows  the  capability  of  excellent  accuracy  with  up  to  2  points/wavelength 
(Nyquist  Limit).  However,  specific  circuit  problems  may  require  the  use  of  functions  with 
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compact  support.  Epsecially  in  the  approximation  of  time  derivatives,  the  use  of  entire 
domain  expansion  basis  would  require  very  high  memory  resources  for  the  storage  of  the 
field  values  everywhere  on  the  grid  for  the  whole  or  a  large  fraction  of  the  simulation  time. 
This  problem  does  not  exist  in  the  approximation  of  the  spatial  derivatives  since  the  field 
values  on  the  neighboring  spatial  grid  points  have  to  calculated  and  stored  no  matter  what 
expansion  basis  are  used.  For  that  reason,  Haar  basis  functions  have  been  utilized  and 
have  led  to  [66].  As  an  extension  to  this  approach,  intervalic  wavelets  (Fig.7.1)  may  be 
incorporated  into  the  solution  of  SPICE-type  circuits  ,  especially  those  containing  active 
elements  (PN  Diodes,  ...),  Results  from  this  new  finite-domain  expansion  basis  will  be 
presented  in  this  Chapter  . 

7.2  Time  Adaptive  MRTD  Scheme 

The  major  advantage  of  the  use  of  Mutiresolution  analysis  to  time  domain  is  the  capabil¬ 
ity  to  develop  time  and  space  adaptive  schemes.  This  is  due  to  the  property  of  the  wavelet 
expansion  functions  to  interact  weakly  and  allow  for  a  spatial  sparsity  that  may  vary  with 
time  through  a  thresholding  process.  The  adaptive  character  of  this  technique  is  extremely 
important  for  the  accurate  modelling  of  sharp  field  variations  of  the  type  encountered  in 
beam  focusing  in  nonlinear  optics,  etc.  The  use  of  the  principles  of  the  multiresolution 
analysis  for  adaptive  grid  computations  for  PDEs  has  been  suggested  by  Perrier  and  Basde- 
vant  [67].  To  understand  the  fundamental  steps  of  such  an  adaptive  scheme  for  Maxwell’s 
hyperbolic  system,  let’s  consider  Maxwell’s  equations  in  2D  (1  for  space  and  1  for  time): 


0 


ft,  u  = 


(7.1) 


After  manipulation,  the  above  equation  can  be  written  as 


Mii  = 


cTlD,  TlD, 
ZlD,  fiZlD, 


ii  =  0 


where  Zh,Th  are  half  shift  operators  for  space  and  time  coordinates  z,t  and  Zl^T^  are  their 
Hermitian  conjugates.  Dt,Dz  are  difference  operators  given  by: 
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t=-9 


i=s-9 


(7.2) 


where  a^,a^  are  the  coefficients  associated  with  the  scalar  and  the  wavelet  functions  re¬ 
spectively.  At  each  time  step  we  keep  both  the  wavelet  held  values  that  are  larger  than  a 
given  threshold  as  well  as  the  adjacent  values.  An  adjacent  wavelet  field  value  is  defined 
on  the  basis  of  the  wavelet  resolution  level(s)  incorporated  in  the  solution.  Recently,  an 
efficient  space/time  adaptive  meshing  procedure  was  proposed  [68]  for  Battle-Lemarie  ex¬ 
pansion  functions.  In  this  chapter,  intervalic  0-order  wavelets  are  used  for  the  expansion  of 
the  fields  and  a  simple  thresholding  procedure  is  employed.  The  adaptive  mesh  is  applied 
to  a  variety  of  circuit  problems  and  results  are  discussed  in  the  next  section. 


7.3  Applications  in  SPICE  problems 

For  simplicity,  the  ID  MRTD  scheme  will  be  derived.  It  can  be  extended  to  2D  and  3D 
in  a  straightforward  way.  In  addition,  only  the  0-resolution  of  wavelets  is  enhanced.  The 
Voltage  and  the  Current  are  displaced  by  half  step  in  both  time-  and  spa.re-doiTia.iTiR  (Yee 
cell  formulation)  and  are  expanded  in  a  summation  of  scaling  functions  in  space  and  scaling 
{4)  and  wavelet  (V>o)  components  in  time 

v(^,<)  =  E  E  uv£m+iv^‘fo.m 

m^—oo  t=— oo 

Jiz,t)  =  Xrf  (»-0.5/^-0.5^«-0.5(<)  +  »-O.sT,I!S“_0.5^O,t-0.5(0)  4m-0.s(z)  (7*3) 

m=— oo  1=— oo 
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where  c>,(/)  =  0(t/^t  —  i)  and  t’o.,(/)  =  vo(t/^t  —  i)  represent  the  0-order  intervalic  scaling 
and  O-resolution  wavelet  functions.  The  conventional  notation  itlm  is  used  for  the  voltage 
component  at  time  t  =  kAt  and  r  =  mAz,  where  At  and  Ac  are  the  time-step  and  tlie 
spatial  ceD  size  respectively.  The  notation  for  the  current  I  is  similar. 

Due  to  the  finite-domain  nature  of  the  expansion  basis,  the  Hard  Boundary  conditions 
(Open/Short  Circuit)  can  be  easily  modeled.  If  a  Short  Circuit  exists  at  the  c  =  mAz,  then 
both  scaling  and  wavelet  voltage  coefficients  for  the  m  —  cell  must  be  set  to  zero  for  each 
time-step  k. 

kVi  =  kV;t=^^  A  =  0,1, 2,...  (7.4) 

Similarly,  an  Open  Circtiit  at  z  =  (m  —  0.5) Az  can  be  modeled  by  applying  the  conditions 
k-o.^lt.o.t  =  *-0.5ijS“-0.5  =  0,  ,  A;  =  0, 1, 2, ...  (7.5) 

The  alternating  nature  of  the  0-resolution  wavelet  function  guarantees  the  double  time- 
domain  resolution  of  the  MRTD  scheme.  Assuming  that  the  voltage  scaling  and  wavelet 
coefficients  at  m  =  Az  for  a  specific  time-step  k,  two  values  can  be  defined  for  the  time 
span  [(Ar  —  0.5)At,  {k  -1-  0.5)At]  of  this  time-step 

^  t€[(A:-0.5)At,  ^At]  (7.6) 

^ymal,2  ^  kV*-kV:l;°,  te[kAt,ik  +  0.5)At]  .  (7.7) 


7.3.1  Distributed  Elements 
Lossless  Line 

The  ideal  transmission  line  (Fig.7.2)  equations  are  ^ven  by 

dV  _  j  dl 

dz  ~  dt 

^  -  -r  ^ 

dz  dt 


(7.8) 
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where  Ldta,Cdx3  are  the  distributed  inductance  and  capacitance  of  the  line.  Inserting  the 
expansions  of  Eq.(7.3)  and  applying  the  Method  of  Moments,  the  following  MRTD  equations 
are  derived 


Cdl3 

At 


Cdia 

At 


{k+\Vt  -  kV^)  =  (tr+O.sC+o.S  ~  fc+O.s/^-O.s) 

(i+O.sfm+O.S  ~  ^f+O.S-fm-O.s) 

^  U+o.s/^.0.5  -  *-0.s/S-0.s)  = 

(*v*»  -  kV^.,) 


U+o.s^_o.s  “  *-l>-S^-0.s)  — 


Az 


(7.9) 

(7.10) 

(7.11) 

(7.12) 


It  can  be  observed  that  Eqs.(7.9)  and  (7.11)  updating  the  scaling  coefficients  only  are 
independent  of  the  Eqs.(7.10)  and  (7.12)  updating  the  wavelet  coefficients.  To  create  an 
efficient  time  adaptive  algorithm,  all  four  equations  must  be  coupled.  An  efficient  way 
is  to  apply  the  excitation  in  a  physically  correct  manner.  If  the  excitation  has  the  time- 
dependence  g{t)  at  the  location  z  =  nieAz,  then  the  scaling  and  wavelet  coefficients  for  this 
cell  have  to  take  the  values 

f(k+O.S)At 

I.V*,  =  I  _ 

J(k-O.S)At 

,  />(fc+O.S)At 

=  L  .  9it)M)dt  .  (7.13) 

J(k-0.$)At 

To  validate  this  approach,  the  MRTD  algorithm  was  applied  to  the  simulation  of  a  lossless 
transmission  line  with  (LdisiCdia)  =  {20nH fm,ZnF/m)  for  a  Gabor  excitation  and  time- 
step  dt  =  dtfnax/I-Ol.  (Fig.7.3)  which  displays  the  Voltage  Scaling  and  Wavelet  Coefficients 
evolution  at  z  =  200Az  for  the  first  800  time-steps  of  the  simulation,  shows  that  the  wavelet 
coefficients  have  the  correct  shape  (significant  values  only  at  areas  with  significant  scaling 
function  values)  and  are  close  to  the  12%  of  the  respective  scaling  functions.  (Fig.7.4) 
which  compares  the  total  voltage  value  at  z  =  200Az  calculated  by  FDTD  (Sc.ONLY) 
and  MRTD  (Sc.+Wav.)  for  the  time-steps  357-362  demonstrates  the  ability  of  this  MRTD 


153 


scheme  to  double  the  conventional  FDTD  resolution  in  the  time-domain  by  providing  two 
values  for  each  time-step.  The  fact  that  the  wavelet  coefficients  take  significant  values  only 
for  a  small  number  of  time-steps  cdlows  for  their  thresholding  by  comparing  them  to  a 
combination  of  relative  to  the  respective  value  of  the  scaling  coefficient  (5.e-4)  and  absolute 
(l.e-6)  thresholds.  (Fig.7.5)  proves  that  up  to  60%  of  the  maximum  number  of  wavelet 
coefficients  are  necessary  for  an  accurate  simulation,  offering  an  extra  economy  in  memory 
by  a  factor  of  20%. 


Lossy  Line 


The  lossy  transmission  line  (Fig.7.6)  equations  are  derived  by  the  ideal  transmission  line 
equations  (Eq.(7.8))  adding  the  Conductor  Loss  Rus  and  the  Dielectric  Loss  Gdis 

^  -  P  T  T 


£  _  dF 

dz  ~ 


(7.14) 


Following  a  procedure  similar  to  the  previous  section,  the  following  MRTD  equations  are 
derived 


iFi=  - 


(Cx-C2) 


q2  (^+0.5^+0.5  q2  ^  -0.5 ) 


(C.-C,)HCj)  ,  C|  ^ 

•  ^2  ^ 


(7.15) 


iKj”  =  -  ^  A(  At 


.  ;C|  ^ 

^  C7^  *  ^ 

H0.5iS-o.s=  -  Jj—  At  (kV*  -  tV*.,)  +  ^  At  -  tv;*li) 

,  (Ca-W  +  g;)  j*  _,4  * 

*«.»^S"-o.5=  -  ^  At  (,V*  -  tV*.,)  -  *^^^*^*>  At  (tV*’  - 

.ok.  /*  .  (C3-g.)4c; 


(7.16) 


(7.17) 


(7.18) 
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with 


—  CjiaAz  ,  C2  =  0.5  Gdxa^Z  At. 
C3  =  LdiaS^Z  ,  C4  =  0.5  Rdxa^Z  At. 


For  this  type  of  transmission  line,  the  equations  giving  the  scaling  and  wavelet  coef¬ 
ficients  for  voltage  and  current  are  coupled.  Nevertheless,  the  condition  (7.13)  has  to  be 
applied  in  order  to  satisfy  the  physical  boundary  condition  at  the  excitation  cell(s).  It  has 
to  be  noted,  that  Eqs.(7.15)-(7.18)  can  be  used  only  for  lossy  lines  with  low  to  medium  Loss 
Coefficients.  The  threshold  C2  <  4Ci  for  Gdia  (€4  <  4C3  for  ij*,)  gave  satisfactory  results 
for  all  simulations.  For  higher  loss  coefficients,  the  Loss  can  be  modeled  in  an  exponential 
way  sinular  to  [61].  For  example,  for  large  values  of  iE*,  (C4  >  C3),  Eqs.(7.17)-(7.18)  have 
to  be  replaced  by  the  following  uncoupled  expressions 


*-H).5^_0.5  =  c  *-0.5iJ_0.5  -  c  (yjg) 


k+Q.Bitx-0.5  =  c  ifc-0.5C-0.5-c  ^  -  kv;l;u)  (7.20) 

Using  this  procedure,  a  termination  layer  similar  to  the  FDTD  widely  used  PML  layer  can 
be  easily  modeled.  The  Rdiax^dia  should  have  a  spatial  parabolic  distribution  with  very 
high  maximum  value  and  they  should  satisfy  the  condition  G*,  =  RduLdia/Cdia  for  each 
cell  of  the  layer.  In  this  way,  one  matched  transmission  line  can  be  simulated  by  choosing 
the  appropriate  RdiaxGrdia  that  satisfy  the  specified  numerical  reflection  coefficient  (usually 


At 


smaller  than  -80dB). 

For  validation  purposes,  the  propagation  of  a  Gabor  pulse  along  a  lossy  line  with  Rdia  = 
5f2/m  has  been  simulated  and  the  scaling  and  .wavelet  voltage  coefficients  have  been  probed 
at  the  positions  z  =  140Az  and  z  =  160Az.  Data  for  the  first  200  time-steps  (At  = 
2At/3)  have  been  plotted  in  (Fig.7.7).  The  maximum  value  of  the  wavelet  coefficients 
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(approximately  7%  of  the  respective  scaling  coefficient)  is  smaller  than  that  of  the  lossless 
line.  By  applying  a  thresholding  procedure  using  an  absolute  threshold  of  10“®  and  a  relative 
threshold  of  5e  —  4,  an  extra  economy  of  29%  is  achieved,  since  only  60%  of  the  voltage 
and  25%  of  the  current  wavelet  coefficients  take  values  above  the  thresholds  throughout  the 
simulation  time  (Fig. 7.8). 

7.3.2  Lumped  Elements 
Passive  Elements 

Lumped  Passive  Elements  such  as  Capacitors,  Inductors  and  Resistors  can  be  modeled 
in  a  similar  way  with  the  Distributed  ones  by  numerically  distributing  them  along  one 
cdl.  For  example,  if  one  lumped  Capacitor  C/„m  is  located  at  z  =  mAz  along  a  lossy 
line  with  {RdiaiGdia, Ldia,Cdis),  the  voltage  coefficients  k+iV^,  k+iV^  will  stUl  be  given 
by  Eqs.(7.15)-(7.16).  The  only  difference  is  that  the  constant  Cj  will  have  the  new  value 
Cl  =  Ctot^z  with 

Ctot  =  Cdiat  +  ^  .  (7.21) 

PN-Diode 

To  model  lumped  active  elements  such  as  a  PN-diode,  their  nonlinear  equation  has  to 
be  discretized  after  inserting  the  voltage  and  current  expansions.  The  MRTD  equations  are 
not  linear  and  require  the  use  of  numerical  solvers  for  nonlinear  systems.  The  combined 
Newton-Raphson/Bisection  solver  has  provided  stable  solutions  for  PN-diode  simulations 
with  Jo  <  l.c  —  10i4,though  sometimes  diverges  for  larger  values.  The  voltage  scaling  and 
wavelet  coefficients ’for  the  diode  cell  are  updated  by  inserting  the  voltage  and  current 
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expansion  in  the  equation 


lDlODE{V)  =  Io{e’>^'"^'^  -\)  (7.22) 

adding  the  diode  capacitance  Cj  to  the  Cn,  and  applying  the  moments  method,  thus  giving 
the  nonlinear  system  for  a  diode  positioned  in  parallel 

+  +  C5JtK^  +  (C5-Cd.,)*_iF* 

-  Cs  k-\V^°  +  ^{k-0.hlti+0.h  -  k-o.slt-0.5) 

+  0.5  At  ^0  (*-> -  *-> )  =  0 

(7.23) 

-CskV^  -  {Cs-Cais)kV^+C,k-iV* 

-  {Cs  +  Cl„m)  +  |;(*-0.5/;^r+0.5  -  k-0.6lt.°-0.B) 

+  0.5  At  _  g*r/,  /« (kV*+tV*^)^  _  q 

(7.24) 

with 

C5  =  0.5  At  Glum  .  (7.25) 

To  validate  the  algorithm,  the  rectifier  topology  of  (Fig.7.9)  is  analyzed  using  FDTD  (Scaling 
Only)  with  At  =  Atmoi/4.4  and  MRTD  (Scaling+wavelets)  with  double  time-step  At  = 
Atmox/2.2.  A  lossless  line  with  {La^Cn,)  =  (20nH/m,3nF/m)  and  a  PN-Diode  with 
lo  =  3pA  are  used  in  the  simulation.  The  probed  total  voltage  is  plotted  in  Fig.(lO)  and 
the  agreement  is  very  good.  The  use  of  an  absolute  threshold  of  10~^  and  a  relative  threshold 
of  5e  —  4  offers  an  extra  economy  of  35%  for  the  MRTD  algorithm. 
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7.4  Conclusion 


A  Time  Adaptive  Time-Domain  Technique  based  on  inten'alic  wavelets  has  been  pro¬ 
posed  and  applied  to  various  types  of  circuits  problems  with  active  and  passive  lumped 
and  distributed  elements.  This  scheme  exhibits  significant  savings  in  execution  time  and 
memory  requirements  while  maintaining  a  similar  accuracy  with  the  conventional  FDTD 
technique. 
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Figure  7.3:  Voltage  Coefficients. 


Figure  7.4:  Comparbon  MRTD-FDTD. 
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•e  7.5:  Fraction  of  Wavelets  above  Threshold. 


Figure  7.6;  Lossy  Transmission  Line. 
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Figure  7.8:  Fraction  of  Wavelets  above  Threshold. 
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Figure  7.9:  Rectifier  Geometry. 
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Figure  7.10:  Comparison  MRTD-FDTD. 


CHAPTER  8 


Summary  of  Achievements- Future  Work 


The  goal  of  this  dissertation  was  to  develop  efficient  time-domain  numerical  techniques 
for  the  analysis  and  design  of  microwave  circuits.  To  achieve  it,  the  principles  of  Multires¬ 
olution  Analysis  were  employed  and  novel  time-domain  schemes  based  on  field  expansions 
in  scaling  and  wavelet  functions  were  derived  (MRTD).  These  new  schemes  offer  memory 
savings  by  a  factor  of  5  per  dimension  eind  execution  time  savings  by  a  factor  of  4-5  while 
maintaining  a  similar  accuracy  to  the  conventional  FDTD  technique.  They  also  feature  an 
inherent  capability  of  a  dynamically  changing  space-  and  time-  adaptive  gridding  algorithm 
by  thresholding  the  wavelet  values  in  a  mathematically  correct  way.  In  addition,  they  offer 
the  unique  opportunity  of  a  multi-point  field  representation  per  cell.  Results  from  2D  and 
2.5D  simulations  prove  the  validity  and  the  versatility  of  the  MRTD  schemes. 

Nevertheless,  future  work  on  the  MRTD  schemes  should  include  the  study  of  the  effects 
of  the  enhancement  of  arbitrary  wavelet  resolutions  for  schemes  based  on  entire-domain  and 
finite-domain  expansion  basis.  In  addition,  different  functions  should  be  tested  and  their 
performance  for  different  geometries  should  be  evaluated.  As  it  was  displayed  in  CH.6,7 
dynamic  gridding  is  achieved  by  a  simple  thresholding  algorithm.  It  might  be  useful  to 
perform  a  systematic  study  on  the  relationship  between  different  thresholding  schemes  and 
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the  error  of  calculations  in  order  to  guarantee  a  predefined  accuracy  and  justify  an  a-priori 
choice  of  a  relative  and  an  absolute  threshold. 


1 


■f 


165 


BIBLIOGRAPHY 


166 


BIBLIOGRAPHY 


[1]  J.B. Keller,  “Geometrical  Theory  of  Diffraction” ,  J. Optical  Society  of  America,  vol.52,  1962,  pp.116-130. 

[2]  R.G.Kouyoumjian  and  P.H.Pathak,  “A  Uniform  Geometrical  Theory  of  Diffraction  for  an  Edge  in  a 
Perfectly  Conducting  Surface”,  Proc.IEEE,  vol.62,  1974,  pp.  1448-1461. 

[3]  R.F.Harrington,  “Field  Computation  by  Moment  Methods”,  New  York,  Macmillan,  1968. 

[4]  K.R.Umashankar,  “Numerical  Analysis  of  Electromagnetic  Wave  Scattering  and  Interaction  Based  on 
Frequency- Domain  Integral  Equation  and  Method  of  Moments  Techniques”,  Wave  Motion,  vol.lO,  1988, 
pp.493-525. 

[5]  K.S.Yee,  “Numerical  Solution  of  Initial  Bounday  Value  Problems  Involving  Maxwell’s  Equations  in 
Isotropic  Media”,  IEEE  Trans.  Antennas  and  Propagation,  vol.l4,  1966,  pp.302-307. 

[6]  A.Taflove  and  M.E.Brodwin,  “Numerical  Solution  of  Steady-State  Electromagnetic  Scattering  Problems 
Using  the  Time-Dependent  Maxwell’s  Equations”,  IEEE  Trans.  Microwave  Theory  and  Techniques, 
vol.23,  1975,  pp.623-630. 

[7]  G.Mur,  “Absorbing  Boundary  Conditions  for  the  Finite-Difference  Approximation  of  the  Time-Domain 
Electromagnetic  Field  Equations”,  IEEE  Trans.  Electromagnetic  Compatibility,  vol.23,  1981,  pp.377- 
382. 

[8]  J.-P.Berengcr,  “A  Perfectly  Matched  Layer  for  the  Absorption  of  Electromagnetic  Waves”,  Computa¬ 
tional  Physics,  voL114,  1994,  pp. 185-200. 

[9]  D.S.Katz,  E.T.Thiele  and  A.Taflove,  “Validation  and  Extension  to  Three  Dimensions  of  the  Berenger 
PML  Absorbing  Boundary  Condition  for  FDTD  Meshes”,  IEEE  Microwave  and  Guided  Wave  Letters, 
vol.4,  1994,  pp.344-346. 

[10]  A.Taflove  and  K.R.Umashankar,  “Radar  Cross  Section  of  Generneral  Three-dimensional  Scatterers”, 
IEEE  Trans.  Electromagnetic  Compatibility,  vol.25,  1983,  pp.433-440. 

[11]  K.R.Umashankar  and  A.Taflove,  “A  Novel  Method  to  Analyze  Electromagnetic  Scattering  of  Complex 
Objects”,  IEEE  Trans.  Electromagnetic  Compatibility,  vol.24,  1982,  pp.397-405. 

[12]  D.H.Choi  and  W.J.Hoefer,  “The  Finite-difference  Time-domain  Method  and  its  Application  to  Eigen¬ 
value  Problems”,  IEEE  TVans.  Microwave  Theory  and  Techmques,  voL34,  1986,  pp. 1464-1470. 

[13]  X.Zhang,  J.Fang,  K.K.Mei  and  Y.Liu,  “Calculation  of  the  Dispersive  Characteristics  of  Microstrips  by 
the  Time-domain  Finite-difference  Method”,  IEEE  Trans.  Microwave  Theory  and  Techniques,  vol.36, 
1988,  pp.263-267. 

[14]  J.G.Maloney,  G.S.Smith  and  W.R.Scott,  Jr.,  “Accurate  Computation  of  the  Radiation  from  Simple 
Antennas  using  the  Finite-difference  Time-domain  Method”,  IEEE  I^ans.  Antennas  and  Propagation, 
voL38,  1990,  pp.1059-1065. 

[15]  S.M.El-Ghazaly,  R.P.Joshi  and  R.O.Grondin,  “Electromagnetic  and  Transport  Considerations  in  Sub¬ 
picosecond  Photoconductive  Switch  Modeling”,  IEEE  TVans.  Microwave  Theory  and  Techniques, 
vol.38,1990,  pp.629-637. 

[16]  B.Toland,  B.Housmand  and  T.Itoh,  “Modeling  of  Nonlinear  Active  Regions  with  the  FDTD  Method”, 
IEEE  Microwave  and  Guided  Wave  Letters,  voL3,  1993,  pp.333-335. 

[17]  W.Sui,  D.A.Chiistensen  and  C.H.Durney,  “Extending  the  two-dimensional  FDTD  Method  to  Hybrid 
Electromagnetic  Systems  with  Active  and  Passive  Lumped  Elements”,  IEEE  Trans,  Microwave  Theory 
tnd  Techniques,  vol.40,  1992,  pp.724-730. 


167 


[18]  S.Mallal,  “Multiresoluiion  Representation  and  Wavelets”,  Ph.D.  Thesis,  University  of  Pennsylvania, 
Philadelphia,  1988. 

[19]  Y.Mcyer,  “Ondeiettes  et  Fonctions  Splines”,  Seminaire  EDP,  Ecole  Poly  technique.  Paris,  December 
1986. 

[20]  L.L.Schumaker,  “Spline  Functions:  Basic  Theory”,  Wiley-Interscience,  New  York,  1981. 

[21]  H.C.Schweinler  and  E.P.Wigner,  “Orthogonalization  Methods”,  J.Math.Phys.,  11  (1970),  pp. 1693-1694. 

[22]  G. Battle,  “A  Block  Spin  Construction  of  Ondelettes,  Part  ULemarie  functions”.  Comm.  Math.  Phys.. 
110  (1987),  pp.601-615. 

[23]  P.G.Lemarie,  “Ondelettes  a  Localization  Exponentielles” ,  J.Math.  Pures  Appl.,  67  (1988),  pp.227-236. 

[24]  ,  A.Haar,  “Zur  Theorie  der  Orthogonalen  Funktionsysteme” ,  Math.Ann.,  69  (1910),  pp. 331-371. 

[25]  I.Daubechies,  “Orthonormal  Bases  of  Compactly  Supported  Wavelets”,  Comm.  Pure  Appl.  Math.,  41 
(1988),  pp.909-996. 

[26]  M.Krumpholz,  L.P.B.Katehi,  “MRTD:  New  Time  Domain  Schemes  Based  on  Multiresolution  Analysis”, 
IEEE  Trans.  Microwave  Theory  and  Techniques,  vol.  44,  no.  4,  pp.  555-561,  April  1996. 

[27]  R.  HoUand,  “Finite-difference  time-domain  (FDTD)  analysis  of  magnetic  diffusion”,  IEEE  Transactions 
on  Electromagnetic  Compatibility,  vol.  36,  pp.  32-39,  Feb.  1994. 

[28]  A.Bayliss  and  E.Turkel,  “Radiation  Boundary  Conditions  for  wave-like  equations”,  Comm.  Pure  Appl. 
Math.,  vol.  23,  pp.  707-725,  1980. 

[29]  B.Engquist  and  A.Majda,  “Absorbing  Boundary  Conditions  for  the  numerical  simulation  of  waves”. 
Mathematics  of  Computation,  vol.  31,  pp.  629-651,  1977. 

[30]  R.L.Higdon,  “Absorbing  Boundary  Conditions  for  difference  approximations  to  the  multidimensional 
wave  equation”.  Mathematics  of  Computation,  vol.  47,  pp.  437-459,  1986. 

[31]  Z.P.Liao  et  al.,  “A  transmitting  boundary  for  transient  wave  analyses”,  Sdentia  Sinica  (Series  A), 
vol.  XXVII,  pp.  1063-1076,  1984. 

[32]  K.K.Mei  and  J.Fang,  “Superabsorption-a  method  to  improve  absorbing  boundary  conditions”,  IEEE 
TVans.  Antennas  Propagation,  vol.  40,  pp.1001-1010,  Sept.1992. 

[33]  A.Taflove,  “Computation  of  the  Electromangetic  Fields  and  Induced  Temperatures  within  a  Model 
of  the  Microwave-Irradiated  Human  Eye”,  Ph.D.  Dissertation,  Department  of  Electrical  Engineering, 
Northwestern  University,  Evanston,  IL,  June  1975. 

[34]  S.M.Kay,  “Modem  Spectral  Estimation”,  Englewood  CliRs,  NJ:  Prentice-Hall,  1988. 

[35]  L.Marple,  “A  new  autoregressive  spectrom  analysis  algorithm”,  IEEE  Trans.  Acoustics,  Speech  and 
Signal  Processing,  vol.  28,  pp.  441-454,  1980. 

[36]  J.M.Rollins  and  J.M.Jarem,  “The  input  impedance  of  a  hoUow-probe-fed,  semi-infinite  rectangular 
waveguide”,  IEEE  Transactions  on  Microwave  Theory  and  Techniques,  vol.  37,  pp.  1144-1146,  Jul.1989. 

[37]  A. G. Williamson,  “Coaxially  fed  hollow  probe  in  a  rectangular  waveguide”,  Proc.  Inst.  Elec.  Eng., 
vol.  132,  part  H,  pp.  273-285,  1985. 

[38]  W.W.S.  Lee  and  E.K.N.  Yung,  “The  Input  Impedance  of  a  Coaxial  Line  Fed  Probe  in  a  Cylindri¬ 
cal  Waveguide”,  IEEE  Transactions  on  Microwave  Theory  and  Techniques,  vol.  42,  pp.  1468-1473, 
Aug.1994. 

[39]  E.Tcntzeris,N.Dib,L.Katehi,J.08wald  and  P.Siegel,  “Time-Domain  Characterization  of  Diode-Mounting 
structures”,  Nasa  Terahertz  Symposium  Digest,  March  1994. 

[40]  P.B. Johns,  K.Aktharzad  “The  Use  of  Time  Domain  Diakoptics  in  Time  Discrete  Models  of  Fields”, 
Int.J.Num.Methods  Eng.,  vol.  17,  pp.  1-14, 1981. 

[41]  W.  J.ILHoefer  “The  Discrete  Time  Domain  Green’s  Function  or  Johns’  Matrix  -  A  new  powerful  Concept 
in  Transmission  Line  Modelling  (TLM)”,  Int. Journal  of  Num.Modeling,  vol.  2,  pp.  215-225,  1989. 

[42]  T.W.Huang,  B.Hpusmand,  T.Itoh  “The  Implementation  of  Time-Domain  Diakoptics  in  the  FDTD 
Method”,  IEEE  Transactions  on  Microwave  Theory  and  Techniques,  vol.  42,  pp.  2149-2155,  Nov.1994. 

[43]  C.Eswarappa,  W.J.R.Hoefer  “Diakoptics  and  Wideband  Dispersive  Absorbing  Boundaries  in  the  3-D 
TLM  Method  with  Symmetrical  Condensed  Node”,  lECE  Transactions,  vol.  E74,  no.  5,  pp.1242-1250, 
May  1991. 


168 


[44]  M. Rigid,  W.J.R.Hocfer  “EfRcieni  3D-SCN-TLM  DiaLkoptics  for  Waveguide  Componenis".  IEEE  Trans¬ 
actions  on  Microwave  Theory  and  Techniques,  vol.  42,  pp.  2381-2385,  Dec. 1994. 

[45]  M.Righi,  W.J.R.Hoefer,  M.Mongiardo  and  R.Sorreniino  “Efficient  TLM  Diakoptics  for  Separable  Struc¬ 
tures”,  IEEE  Transactions  on  Microwave  Theory  and  Techniques,  vol.  43,  pp.  854-859.  Apr.  1995. 

[46]  M.Werthen,  M.Rittweger,  I. Wolff  “  FDTD-Simulation  of  Waveguide  Junctions  using  a  new  Boundary 
Condition  for  Rectangular  Waveguides”,  Proc.  24th  European  Microwave  Conference,  pp.  171 5- 1719. 
1994. 

[47]  F.Moglie,  T.Rozzi,  P.Marcozzi  and  A.Schiavoni  “A  New  Termination  Condition  for  the  Application  of 
FDTD  Techniques  to  Discontinuity  Problems  in  Close  Homogeneous  Waveguide”,  IEEE  Microwave  and 
Guided  Wave  Letters,  vol.  2,  no.  12,  pp.  475-477,  Dec.1992. 

[48]  M.Krumpholz,  B.Bader  and  P.Russer  “On  the  theory  of  Discrete  TLM  Green’s  functions  in  Three- 
dimensional  TLM”,  IEEE  Transactions  on  Microwave  Theory  2aid  Techniques,  vol.  43,  pp.  1472-1483, 
Jul.1995. 

[49]  M.Werthen,  M.Rittweger  and  I. Wolff  “Multi-mode  Simulation  of  Homogeneous  Waveguide  Components 
Using  a  Combination  of  the  FDTD  and  FD^  Method”,  Proc.  25th  European  Microwave  Conference, 
pp.234-237,  1995. 

[50]  M.Schwarz  “Information,  Transmission,  Modulation  and  Noise”,  McGraw-Hill  International  Editions, 
pp.  72-76,  7th  Ed.,  1987. 

[51]  M.Krumpholz,  C.Huber  and  P.Russer  “A  field  theoretical  comparison  of  FDTD  and  TLM”,  IEEE 
Transactions  on  Microwave  Theory  and  Techniques,  vol.  43,  pp.  1935-1950,  Aug.  1995. 

[52]  C-Y.Chi,  G.M.Rebeiz,  “Planar  Microwave  and  Millimeter-Wave  Lumped  Elements  and  Couple-line 
Filters  Using  Micro-Machining  Techniques”, IEEE  TVans.  Microwave  Theory  and  Techniques,  pp.  730- 
738,  April  1995. 

[53]  E.M.Tentzeris,  R.L.Robertson,  M.Krumpholz,  L.P.B.Katehi,  “Application  of  MRTD  to  Printed  Trans- 
mision  Lines”,  Proc.  MTT-S  1996,  pp.  573-576. 

[54]  M.Krumpholz,  L.P.B.Katehi,  “MRTD  Modeling  of  Nonlinear  Pulse  Propagation”,  to  be  published  at 
the  IEEE  Trans.  Microwave  Theory  and  Techniques. 

[55]  S.Xiao,  R.Vahldieck,  “An  Improved  2D-FDTD  Algorithm  for  Hybrid  Mode  Analysis  of  Quasi-planar 
Transmission  Lines”,  MWSYM  93,  vol.  1,  pp.421-424. 

[56]  B.C.Wadell,  “Transmission  Line  Design  Handbook”,  pp.  136-137,  Artech  House,  1991. 

[57]  A.Tafiove,  “Computational  Electrodynamics”,  Artech  House,  1995. 

[58]  K.L.Shlager  and  J.B. Schneider,  “Analysis  of  the  Dispersion  Properties  of  the  Multiresolution  Time- 
Domain  Method”,  IEEE  AP-S  1997  Proceedings,  vol.  4,  pp.  2144-2147,  1997. 

[59]  W.Y.Tam,  “Comments  on  ”New  Prospects  for  Time  Domain  Analysis””,  IEEE  Microwave  and  Guided 
Wave  Letters,  vol.  6,  pp.  422-423,  1996. 

[60]  M.Krumpholz,  L.P.B.Katehi,  “New  Prospects  for  Time  Domain  Analysis”,  IEEE  Microwave  and  Guided 
Wave  Letters,  pp.  382-384,  November  1995. 

[61]  E.Tentzeris,  R.Robertson,  M.Krumpholz  and  L.P.B.  Katehi,  “Application  of  the  PML  Absorber  to  the 
MRTD  Technique”,  Proc.  AP-S  1996,  pp.  634-637. 

[62]  D.M.Pozar,  “Microwave  Engineering”,  pp.  94-96,  Addison- Wesley,  1990. 

[63]  M.Krumpholz,  P.Russer,  “Two-Dimensional  FDTD  and  TLM”,  Int. Journal  of  Num.  Modelling,  vol.  7, 
no.  2,  pp.  141-153,  February  1993. 

[64]  P.Russer,  M.Krumpholz,  “The  Hilbert  Space  Formulation  of  the  TLM  Method”,  International  Journal 
of  Numerical  Modelling:  Electronic  Networks,  Devices  and  Fields,  vol.  6,  no.  1,  pp.  29-45,  February 
1993. 

[65]  R.  Robertson,  E.  Tentzeris,  M.  Krumpholz,  L.P.B.  Katehi,  “Application  of  MRTD  Analysis  to  Dielectric 
Cavity  Structures”,  Proc.  MTT-S  1996,  pp.  1861-1864. 

[66]  K.Goverdhanam,  E.Tentzeris,  M.Krumpholz  and  L.P.B.  Katehi,  “An  FDTD  Multigrid  based  on  Mul¬ 
tiresolution  Analysis”,  Proc.  AP-S  1996,  pp.352-355. 

[67]  V.Perrier  and  C.Basdevant,  “La  decomposition  en  ondelettes  periodiques:  un  outil  pour  Tanzdyse  des 
champs  inhomogenes.  Theorie  et  algorithmes”,  La  Recherche  Aerospatiale,  no.3,  pp.53-67,  1989. 

[68]  E.Tentzeris,  R.Robertson,  A.Cangellaris  and  L.P.B.  Katehi,  “Space-  and  Time-  Adaptive  Gridding 
Using  MRTD”,  Proc.  MTT-S  1997,  pp.  337-340. 


169 


